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ABSTRACT
Surficial sediments and sediment cores were collected from two distinct 
depositional regimes of the York River subestuary of Chesapeake Bay to document 
seasonal inputs, spatial variability, and longer-term (>40 years) fate o f total organic 
carbon (TOC), lipid biomarker compounds and polycyclic aromatic hydrocarbons 
(PAHs). These regimes included biological mixing in the lower York and episodic 
mixing at the mid river site. Compounds were selected to represent a range of chemical 
reactivities, biological and anthropogenic sources, and modes o f entry to the 
environment. The depositional environments were characterized with a suite of 
analytical tools: x-radiographs, Eh, 2l0Pb and l37Cs, total organic carbon, total nitrogen, 
and their stable isotopes.
Each compound class was quantified in extractable and “bound” phases. Episodic 
mixing at the mid-river site resulted in stronger oxidizing conditions that promoted 
enhanced degradation of labile organic matter (e.g. diatoms) vs. refractory material (e.g. 
higher plants) in extractable sedimentary phases from sediments <5 yrs old. However, 
while apparent rate constants for bulk organic matter and total lipid were higher in older 
sediments (<40 years) under physically mixed conditions, degradation rates of fatty acid 
and sterol biomarkers were similar at both study sites.
PAHs and lipid biomarkers isolated from “bound” phases were better preserved 
over time than corresponding “extractable” compounds. However, stabilization in the 
bound phase was not the same among compound classes. Differences in compound class 
fate were a function of inherent compound class reactivity (fatty acids > sterols and 
PAHs) rather than source or depositional regime. While compounds in bound phases 
may be formed over time during organic matter diagenesis, organic compounds did not 
increase in bound residues over time regardless of depositional regime, suggesting that 
bound phase compounds are formed within the source organism or very rapidly upon cell 
death and/or deposition to the sediments.
The fate of organic carbon in coastal sediments is dependent upon the source and 
reactivity o f organic carbon, the depositional regime, and its association with the 
underlying sediment/macromolecular matrix. Models of coastal carbon dynamics that 
consider these parameters and how they change will yield more accurate forecasts of 
coastal biogeochemical cycling.
Krisa Murray Arzayus 
School of Marine Science 
The College o f William and Mary in Virginia 
Dr. Elizabeth A. Canuel 
Assistant Professor of Marine Science
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CHAPTER 1
INTRODUCTION
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2The coastal oceans represent only 10% of the world’s oceans, yet 25% of global 
primary productivity and 80% of organic carbon burial occur in these dynamic 
environments (Bemer, 1982; Berner, 1989; Romankevich, 1984). Similarly, over half of 
the U.S. population live in coastal environments, which comprise only 14% of the total 
U.S. land area (National Science and Technology Council, 1995). Pressures on the 
coastal oceans are also on the increase globally, with more than half of the world’s 
population currently residing either along or within 200 km of a coast and predictions that 
75% of the population will live in coastal regions by 2025 (Henrichsen, 1998). Thus, the 
coastal zone, which includes ocean margins and estuaries, is of immense importance to 
our society as it supports an abundance of commercial fisheries and recreational 
activities. The coastal oceans also bare the brunt of anthropogenic activities on land and 
in the oceans, receiving increasing loads of nutrients and pollutants from terrestrial 
runoff, atmospheric deposition, and commercial and industrial ship traffic. While these 
regions currently serve as a buffer zone protecting the global oceans, it is uncertain how 
well this buffering capacity will keep up with growing populations and a changing 
climate. A recent model projects that in as little as 50 years, this capacity will be 
significantly inhibited and the coastal ocean will become increasingly heterotrophic and a 
source of carbon dioxide to the atmosphere as organic matter content and primary 
productivity increase (Rabouille et a i,  2001). However, this model is very sensitive to 
sediment dynamics of organic matter burial and export and these terms are highly 
uncertain. In particular, our understanding of the extent to which estuarine and 
continental shelf processes alter carbon transfer between marine and terrestrial systems, 
including estimates of organic matter accumulation in coastal sediments, are poorly 
known (Baes et al., 1985; Sarmiento & Sundquist, 1992). Thus, a better understanding of 
organic carbon dynamics in estuarine and coastal sediments is necessary to reduce 
uncertainty in models of human perturbation of the coastal zone.
The focus of this dissertation is to examine how varying depositional regimes 
influence the preservation of organic carbon and its interactions with sediments in the 
coastal zone. The approach involves an examination of several classes of organic 
compounds with contrasting stabilities and reactivities in aquatic environments, while at
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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the same time providing information on sources of organic contaminants and organic 
matter to estuarine sediments. The first section documents the delivery of a class of 
organic contaminants, polycyclic aromatic hydrocarbons (PAHs), including their sources 
and spatial and seasonal distributions, to surface sediments of southern Chesapeake Bay 
and one of its subestuaries, the York River, VA (Chapter 2). The fate of PAHs buried in 
estuarine sediments is also explored as a function of biological and physical mixing of the 
seabed (Chapter 3). The dynamics of PAH fate are subsequently examined in the context 
of more reactive and naturally derived organic matter in sediments. The sources and fate 
of organic matter deposited to sediment of the York River are compared in sites 
representing contrasting energy regimes through the use of lipid biomarker compounds 
(Chapter 4). In the final section, associations of both PAHs and lipid biomarkers with the 
sedimentary matrix, including other macromolecular material, are discussed as a function 
of three distinct depositional environments ranging from a quiescent, steady state 
depositional site to a site characterized by episodic and intense physical disturbance 
(Chapter 5). Specifically, this chapter examines whether associations with bound phases 
occur prior to deposition or during early diagenesis.
I chose to focus on the coupling of physical processes with organic carbon 
dynamics due to the recent re-examination of the paradigm of the quiescent estuary 
(Schaffner et al., 2001). In the traditional view of an estuary, steady state deposition of 
sediments serves as an effective trap and removal mechanism for harmful pollutants from 
the water column (Schubel & Kennedy, 1984). However, such conditions can no longer 
be assumed in all environments. In Chesapeake Bay, models have demonstrated that 
particles may be resuspended and exchanged between the water column and seabed 
several times before being buried (Sanford, 1992). The residence time of particles in 
biologically and physically mixed surface sediments may be on the order of 100 years 
(Dellapenna et al., 1998). Thus, sediment mixing dynamics can increase the exposure 
time of benthic and pelagic organisms to polluted sediments while also impacting 
established biogeochemical cycles of biologically important elements, such as carbon, 
nitrogen, and phosphorous.
Sediment mixing regimes have important implications for the cycling of organic 
carbon in light of recent work investigating controlling factors of organic material fate in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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marine systems. One central debate in this field has been about the role of oxygen on 
degradation rates of organic matter (Demaison & Moore, 1980; Pedersen & Calvert, 
1990). However, it has recently been proposed that oxygen exposure time, rather than 
the availability of oxygen, plays a defining role in the ultimate preservation of organic 
carbon in sediments (Hartnett et al., 1998; Hedges et al., 1999). Increased particle 
residence times in surface sediments lead to longer exposure times to oxygenated 
porewaters refreshed from the water column above, thus increasing the degradation 
potential of associated organic matter. Biological and physical mixing can also enhance 
the cycling of organic compounds not only due to increased exposure to oxygen, but to 
other electron acceptors, as well (Aller, 1998; Kristensen & Blackburn, 1987), although 
the effects on PAH fate are ambiguous (Kure & Forbes, 1997; Madsen et al., 1997).
The role of organic matter-mineral associations may also be important in organic 
compound fate, as shown by common organic carbon to specific surface area ratios in 
many soils and sediments (Keil et al., 1997; Keil et a i,  1994; Mayer, 1994) and more 
recent evidence of non-preferential compound degradation of particle-associated organic 
matter (Hedges et al., 2001). The nature of these associations is not well understood; in 
particular, it is not clear whether organic-mineral or organic-macromolecular associations 
in sediments are formed a priori or as a result of in situ or post depositional diagenetic 
processes. If formed in situ, depositional regime may be an important factor affecting the 
preservation potential of organic materials via these mechanisms.
Hypotheses
The main objective of this project was to assess the role of energy regime on the 
distribution and fate of organic compounds across a range of reactivities, from the more 
stable PAHs to various subclasses of lipid biomarker compounds, the most reactive being 
polyunsaturated fatty acids. The following specific hypotheses were addressed as the 
work evolved;
1. Sources of organic matter delivered to surface sediments throughout southern 
Chesapeake Bay and the York River vary temporally and spatially in response to 
changes in productivity and freshwater flow. Alternate hypothesis: organic
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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compound inputs throughout southern Chesapeake Bay are homogeneously 
distributed due to a spatially well-mixed water column (Chapters 2 and 4).
2. Degradation of organic compounds deposited under more intensely mixed 
depositional regimes will be enhanced relative to sites where deposition occurs 
under more quiescent conditions. Longer water column residence times and 
episodic mixing events that reintroduce oxygen and other electron acceptors will 
promote degradation in these environments. Alternate hypothesis: The reactivity 
of sedimentary organic matter is determined prior to its deposition either at its 
time of synthesis or through associations with mineral or macromolecular 
materials in the water column. (Chapters 3 and 4).
3. Organic compound associations with macromolecular or mineral sedimentary 
phases (often referred to as bound phases) are formed during early diagenesis and 
hence are influenced by depositional regime. Prolonged oxygen exposure and 
mixing will promote transfer of compounds from extractable to bound phases.. 
Alternate hypothesis: Associations between organic compounds and bound phases 
occur pre-depositional and are independent of energy regime and in situ 
diagenetic processes (Chapter 5).
These hypotheses have been addressed as part of this dissertation and results are 
presented in the following chapters. The present research provides insights relevant to 
current models of sedimentary organic compound distributions in marine environments 
and controls on organic carbon preservation. These results, along with further 
investigations in other coastal regimes, will likely reduce the uncertainties associated 
with modeling the effects of natural and anthropogenic perturbations to the coastal ocean.
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CHAPTER 2
FATE OF ATMOSPHERICALLY DEPOSITED POLYCYCLIC 
AROMATIC HYDROCARBONS (PAHS) IN CHESAPEAKE BAY §
§ Published in Environmental Science and Technology (2001,35:2178-2183)
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ABSTRACT
Factors controlling polycyclic aromatic hydrocarbon (PAH) distributions in 
southern Chesapeake Bay surface sediments were investigated with samples collected 
seasonally from five sites. Principal component analysis (PCA) suggests unique sources 
(combustion vs. petroleum) and partitioning differences (volatile vs. particle reactive) 
among PAHs, but a common mode of entry for these contaminants to Chesapeake Bay 
sediments. The fractional concentrations of all PAHs in Bay sediments with the 
exception of perylene were positively correlated with their atmospheric dry deposition 
fluxes (Fjry) to the Bay indicating that atmospheric deposition of aerosol-bound PAHs to 
the watershed controls their influx to Bay sediments. Overall, PAH concentrations in 
Chesapeake Bay sediments were well explained by a multiple- regression model ( r=  0.88, 
p=0.0001) with Fdry and sediment total organic carbon (TOC) content explaining most of 
the variance (57% and 43%, respectively). However, for many PAHs gas exchange across 
the air-water interface is o f similar or greater magnitude even when F ^  is scaled to the 
watershed surface area. The fate of PAHs input to the Bay from gas deposition was 
determined to be uptake and metabolism within the aquatic food web rather than 
deposition to sediments.
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Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous in marine sediments 
worldwide, even in remote locations far from any point sources (Laflamme & Hites, 1978). 
Non-point source inputs of PAHs to the environment include wet and dry atmospheric 
deposition and riverine run-off (Olsen et al., 1982). PAHs are generally very particle- 
reactive due to their low solubility in water and as a result tend to accumulate in sediments.
Atmospheric deposition of PAHs occurs via both particle and gas flux. In some 
environments, the role of gas flux is at least as important as dry particle deposition as a 
means of delivering PAH to the water column (Baker & Eisenreich, 1990; Gustafson & 
Dickhut, 1997c). PAHs that enter a water body via gas exchange may partition into 
organic-rich particles (i.e.plankton), which can be ingested and settle quickly out of the 
water column as fecal pellets or be recycled (Baker et al., 1991; Lipiatou et al., 1993). In 
contrast, PAHs associated with aerosols (i.e. soot) sink at a slower rate, but are more 
resistant to biological recycling (Dachs et al., 1997; Lipiatou et al., 1993; Lipiatou et al., 
1997). Therefore, the accumulation of PAHs in sediments is not only determined by the 
mass flux of particles to the seabed, but also by the rate of recycling of labile organic matter. 
The atmosphere is clearly an important vector in delivering PAHs to the world’s oceans and 
subsequently to sediment. Evidence of atmospheric deposition as recorded in sediments 
consists of compound-specific fingerprints (Simcik et al., 1996) and strong correlations 
with soot carbon content (Gustafsson & Gschwend, 1997; Gustafsson & Gschwend, 1998; 
McGroddy & Farrington, 1995). However, the role of atmospheric deposition in 
controlling sedimentary PAH distributions has not been quantified or directly related to 
measurements of atmospheric flux. The objective of our study was to examine spatial and 
temporal distributions of PAHs in surface sediments of southern Chesapeake Bay and 
quantify the relative importance of atmospheric flux compared to total organic carbon 
(TOC) content of sediments and PAH hydrophobicity in controlling PAH distributions. 
Surface sediments provide an integrated view of processes occurring in the overlying water 
and serve as an important interface across which biogeochemical processes influence long­
term preservation in the sediment record.
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Sediment and air sampling
Sediments were collected seasonally from five sites within the southern Chesapeake 
Bay estuary (Fig. 1) using a spade box core (30 cm x 21 cm x 60 cm; Ocean Instruments, 
San Diego, CA). All sites were sampled once over a consecutive two-day period except 
during Spring 1997 when the sampling was split into two non-consecutive days due to 
weather constraints (Sites WE4.2 and YRPOD were sampled on 21 March 1997 and the 
remaining sites were sampled on 7 April 1997). Surface sediments (< 1 cm) were 
transferred to muffled (450° C for 4 hours), foil-covered glass jars using solvent-rinsed 
spatulas. Samples were kept on ice during transport to the lab, and stored at -80 °C until 
analyzed. Prior to extraction, thawed sediment samples were homogenized and subsampled 
(10-15 g wet weight) into muffled, foil-covered glass jars and tared aluminum weighing 
pans for organic and elemental analyses, respectively.
Air samples were collected concurrently with sediment samples at two locations 
(Fig. 1) with high volume air samplers, as described elsewhere (Dickhut & Gustafson, 
1995). The air volumes sampled ranged from 381 to 714 m3. Glass fiber filters containing 
aerosol particle associated PAHs were wrapped in aluminum foil and stored in a freezer at - 
20° C until analyzed. Polyurethane foam plugs containing gas phase PAHs were stored in 
clean glass jars in a refrigerator until analyzed.
PAH extraction
Deuterated PAH standards: dI0-anthracene, d,,-benz(a)anthracene, d12- 
benzo(a)pyrene, and d12-benzo(ghi)peryIene were added to all samples prior to extraction. 
Air samples were extracted as described previously (Dickhut & Gustafson, 1995).
Sediment samples were extracted sequentially from sediments with CHjCUiCHjOH (2:1, 
v:v; 3 x) and hexane (1-2 x ) (Burdick & Jackson solvents, Muskegon, MI), aided by 
sonication. Sediment samples were centrifuged between extractions and the supernatants 
from each extraction were combined in a separatory funnel. Solvent ratios were adjusted to 
2:2:1.8, CHXLCHjOHH.O and allowed to separate into aqueous and organic phases 
(Bligh & Dyer, 1959). Following the collection of the organic phase, the aqueous phase 
was diluted with hexane-extracted distilled water and back-extracted twice into hexane. The 
organic phases were combined, concentrated using Turbo Evaporation (Zymark, Inc.), and 
analyzed for PAHs.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
13
PAH quantification
For sediment samples, roughly half of the total extract by weight was analyzed for 
PAHs, whereas the entire extract was used in analysis of the air samples. PAH fractions 
were purified using solid-liquid chromatography on silica (100-200 mesh, Sigma), 
concentrated, and spiked with deuterated internal standards (dI0-phenanthrene, dI2-chrysene, 
and d12-perylene) to monitor laboratory recoveries (Dickhut & Gustafson, 1995). PAH 
compounds were separated on a 30 m x 0.25 mm i.d. DB-XLB (extra-low bleed) fused 
silica capillary column (J & W Scientific) and analyzed using a Hewlett-Packard 5890A 
Series II gas chromatograph and 5971A mass selective detector operated in selective ion 
monitoring mode (Dickhut & Gustafson, 1995). PAH levels were quantified using the 
surrogate standards; PAH recoveries averaged to 76.9 ± 16.9 for sediment samples, and
105.4 ± 10.5 and 93.6 ± 23.2 for atmospheric gas and particle samples, respectively.
Elemental analysis
Sediments were dried at 60°C for at least 24 hours, ground, and stored in muffled 
glass vials. Subsamples for total organic carbon (TOC) and total nitrogen (TN) analysis 
were weighed into tared silver cups (Costech), treated with 10% Optima HC1 to remove 
inorganic carbon (Hedges & Stem, 1984), and dried overnight at 60° C. TOC and TN were 
determined using a Fisons EA 1108 CHNS-0 elemental analyzer. Acetanilide or 
sulfanilimide was used as an external standard. Soot carbon content was determined by the 
thermal oxidation technique described by Gustaffson et al. (Gustafsson et al., 1997).
Statistical analyses
Spatial and temporal variability in the sediment PAH data were assessed using 
principal component analysis (PCA). PAH concentrations were analyzed as a fraction of 
the total PAH. A correlation matrix was used in order to standardize the variables and 
account for differences due to the mean and dispersion of the variables within each sample 
(Afifi & Clark, 1996). A multiple regression model was developed using SAS for Windows 
6 . 12.
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Variability in Sediment PAH Distributions
We observed PAH concentrations in lower Chesapeake Bay sediments to be 
positively correlated with TOC content (Fig. 2), as previously shown (Chiou et al., 1979; 
Karickhoff et al., 1979), although this is not always the case in riverine/coastal systems 
(Bouloubassi & Saliot, 1993). Note that for all sampling sites and times, the increase in 
concentration of the various PAHs was similar such that the relative concentrations of the 
various PAHs remain constant. This indicates that a single dominant source or mode of 
entry controls the distribution of PAHs in Chesapeake Bay sediments.
In order to identify trends in sedimentary PAH distributions attributed to factors 
other than sediment organic carbon content, space or time (e.g. source, mode of entry, 
physical-chemical properties) we utilized principal component analysis (PCA). This 
technique reduces the dimensionality of the PAH data set by creating new variables that 
pool together common attributes and summarize the data set (Meglen, 1992). In this 
analysis, fractional PAH concentration data were used so that variability in the data set other 
than overall PAH concentration, which increases with sediment organic carbon content (Fig.
2), could be examined. Using PCA, we identified three new variables, or principal 
components (PCI, 2, and 3), which explained 73%, 12% and 5% of the total variance, 
respectively.
A principal component loading is the correlation coefficient between the original 
variable (fractional PAH concentration) and the principal component; low values (<0.5) for a 
principal component loading indicate that fractional PAH concentrations are unimportant in 
making distinctions in the principal component (Meglen, 1992). Note that all of the PAHs 
have similarly low PCI loadings, indicating that a common factor or set of factors accounts 
for most of the variability (73%) in the sediment PAH data (Fig. 3). However, two distinct 
groups of PAHs stand out based on the PC2 loadings (Fig. 3). Here we assume that the 
unsubstituted compounds are predominantly combustion derived based upon low (<1) 
methylphenanthrene-phenanthrene (Prahl & Carpenter, 1983) and isomer ratios (Dickhut et 
al., 2000). In contrast, the methyl PAHs, which have moderately strong relationships with 
PC2, are more typically associated with a petrogenic origin (Prahl & Carpenter, 1983).
Thus, differences in source (i.e. pyrogenic vs. petrogenic) appear to account for only 12% 
of the variability in the sediment PAH data. The PC3 loadings further distinguish 
components of the combustion-derived PAHs (Fig. 3). In this case, the relatively volatile, 
lower molecular weight combustion PAHs: fluorene, 1-methylfluorene, phenanthrene, and 
anthracene are resolved from the remaining higher molecular weight, low volatility
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compounds. Note that the volatile PAHs, as well as the methyl PAHs studied, which are 
also relatively volatile, have negative PC3 loadings. In contrast, the higher molecular weight, 
low volatility PAHs have positive PC3 loadings. Thus, PC3, which only accounts for 5% of 
the variability in the fractional PAH concentrations, likely describes differences in the 
sediment PAH data due to differences in the physical-chemical properties of the 
compounds.
Interestingly, perylene clusters with the combustion PAH in the PCA analysis (Fig.
3) although in a recent study of PAHs associated with suspended particulate matter in the 
York River estuary this compound did not (Countway, 1999). In this study, a fluvial source 
to the York River estuary appeared to be the likely origin for perylene (Countway, 1999). 
Thus, it seems likely that sediment-associated perylene in Chesapeake Bay is predominantly 
derived from the diagenetic alteration of terrestrial organic matter (Aizenshtat, 1973) rather 
than combustion processes. Here, the observed clustering between combustion PAH and 
perylene in the PCA, most likely results from similarities in the hydrodynamic sorting of 
terrigenous organic matter and combustion-derived particles as seen previously (22). It is 
expected that sediment transport processes would act similarly upon fine particulate organic 
matter regardless of its source. Nonetheless, the mode of entry of perylene and the other 
PAHs to lower Chesapeake Bay sediments must be similar (i.e. terrestrial runoff) such that 
hydrodynamic sorting can readily and evenly distribute these compounds throughout lower 
Bay sediments.
Based on this analysis we hypothesize that a dominant mode of entry, as opposed to 
source or physical-chemical properties, controls the fractional distribution of PAHs in lower 
Chesapeake Bay sediments. Specifically, we propose that indirect atmospheric deposition 
(i.e. deposition to the surrounding watershed and subsequent runoff) is the dominant factor 
controlling the sediment distributions of a majority of PAHs in the lower Bay. This idea is 
supported by the fact that our sampling locations were removed from any specific PAH 
point sources (e.g. sewage outfalls), with the exception of an oil refinery in the vicinity of 
WE4.2. Thus, it is likely that the atmosphere is the dominant source of PAHs to sediments 
in this region of Chesapeake Bay.
Air-Water Fluxes of PAHs
Atmospheric dry depositional fluxes (F^) were calculated for all of the PAHs using 
the measured aerosol particle concentrations and multiplying by a depositional velocity of 
0.26 cm s'1 (Wu et al., 1994). This assumes constant depositional velocities both 
temporally and spatially, throughout the southern Chesapeake Bay. However, since our 
primary goal was to compare the relative fluxes of various PAHs, this assumption is
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acceptable provided all PAHs are associated with similar aerosol pools. Annual dry 
deposition fluxes were calculated for each PAH by averaging the measured aerosol-particle 
concentrations. However, since we lack aerosol particle concentrations for the winter 
months, we consider these annualized sums conservative values, since particulate 
atmospheric PAH concentrations are usually elevated during the winter months (Gustafson 
& Dickhut, 1997a). Nonetheless, our annual PAH dry depositional fluxes compare well 
with those determined previously (Dickhut & Gustafson, 1995; Leister & Baker, 1994).
For example, our values for phenanthrene and benzo(ghi)perylene were 7.6 and 8.8 
|i.g/m2*y, respectively, compared with average values of 11.5 ± 0.5 and 10 ± 1 p.g/nr*y 
determined previously (Dickhut & Gustafson, 1995; Leister & Baker, 1994).
Most of the variability identified by the PCA in the fractional distribution of PAHs 
in lower Chesapeake Bay sediments appears to be accounted for by differences in the 
annual dry deposition loading of these compounds to the Bay. Comparing the fractional 
PAH concentrations in sediments to their calculated dry depositional fluxes reveals a strong 
positive correlation for all compounds with the exception of perylene (Fig. 4). As noted 
above, perylene is believed to be derived predominantly from natural diagenetic sources in 
this system (Countway, 1999). Consequently, the fractional distribution of perylene in 
Chesapeake Bay sediments should not be related to its atmospheric dry depositional flux, as 
observed. However, similarities in the distribution of perylene and PAHs that are input to 
the system largely from atmospheric deposition in lower Bay sediments (Fig.3) may be due 
to a predominance of indirect atmospheric deposition of PAHs to the watershed and 
subsequent delivery of pollutant PAHs to the system via runoff. Indeed, the watershed area 
of Chesapeake Bay is 14 times greater than the surface area of the Bay (LMER 
Coordinating Committee, 1992), indicating that indirect atmospheric deposition and runoff 
derived input of PAHs to sediments may be much larger than direct atmospheric deposition 
of PAHs to sediments.
Air-water gas exchange fluxes (F^) of PAHs were also considered as a potential 
factor contributing to the sedimentary PAH distributions. Gas exchange fluxes were 
calculated using a modified two-layer thin-film model (Gustafson & Dickhut, 1997c), PAH 
air concentrations measured during this study, and dissolved PAH data collected separately 
(Gustafson & Dickhut, 1997b) and as part of a related study (Countway, 1999). We 
assumed that dissolved phase PAH exhibited low spatial or temporal variability (< a factor 
of 4 compared to gas phase variations of ~50x, Gustafson & Dickhut, 1997c) in this region 
of the Bay based on previous measurements in Chesapeake Bay and the York River 
(Gustafson & Dickhut, 1997b). Thus, average values for the dissolved parent PAH 
concentrations (Gustafson & Dickhut, 1997b) and the methyl-PAH (Countway, 1999) were
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used to calculate absorptive fluxes into the estuary. Daily fluxes were calculated directly for 
the sampling periods and estimated for the rest of the year using average daily values of 
wind speed, seawater salinity, air and water temperature (Science, 1995) to calculate seasonal 
changes in PAH air concentrations and mass transfer coefficients. The calculated gas 
fluxes were in many cases higher, but of the same order of magnitude as previously 
determined values (Gustafson & Dickhut, 1997c).
Overall, fractional PAH concentrations in lower Chesapeake Bay sediments are not 
correlated with (r2 = . 13). However, for the volatile and methyl-PAHs a strong positive 
correlation (r2 = .92) was observed between the fractional PAH concentrations in sediments 
and the annual gas deposition fluxes of these compounds to the Bay (Fig. 4). Since 
atmospheric gas phase concentrations of PAHs control gas deposition fluxes of these 
compounds to southern Chesapeake Bay (Baker & Eisenreich, 1990; Gustafson & Dickhut, 
1997c) this correlation may result simply because aerosol panicle and gas phase 
concentrations of volatile/methyl PAHs in the atmosphere are related via particle-gas 
partitioning. Interestingly, however, the fractional concentrations of the low volatility PAHs 
(i.e. fluoranthene, pyrene, and benzo(a)anthracene) in sediments exhibit a different 
relationship with F ^  (Fig. 4). This would imply that a large fraction of these PAHs was not 
atmospherically derived, which seems unlikely given the relationship between their fractional 
sediment concentrations and F ^ , or that low volatility PAHs are not always exchangeable 
into the gas phase prior to deposition to the land or water surface. This latter explanation is 
consistent with the much higher fractional PAH concentration in sediments observed for the 
low volatility versus the volatile/methyl PAHs in relation to F^ (Fig. 4). If the low volatility 
PAHs were readily exchangeable into the gas phase, as presumably the volatile and methyl 
PAHs are, we would expect a single correlation between PAH fractional concentration in 
sediments and F ^  for all compounds. However, the disparate relationships observed 
between the fractional PAH concentrations in sediments and F for volatile/methyl and low 
volatility PAHs mean that gas flux of PAHs into the Bay, which for many compounds 
greatly exceeds F ^  (Fig. 4), does not control sediment PAH distributions. Rather, 
consistent with the PCA it seems that F^ , which varies greatly due to differences in the 
physical-chemical properties of the PAHs, may account for little of the variability in 
sedimentary PAH distributions in lower Chesapeake Bay.
Contribution of Atmospheric Deposition to Sedimentary PAH Distributions
Based upon our observations of PAH distributions in southern Chesapeake Bay 
sediments and corresponding atmospheric flux data, we quantitatively assessed the roles of 
sediment organic carbon content (TOC), atmospheric dry deposition (F^), and octanol-
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water partition coefficient (KoW) on PAH sediment distributions. Both the quantity (TOC) 
and affinity of PAHs for organic matter may influence PAH abundance and distribution in 
sediments. The affinity of a PAH for particulate organic matter can be predicted based on 
the compound’s KqW (Di Toro et al., 1991; Karickhoff et al., 1979; Seth et al., 1999). 
Additional factors controlling PAH distributions include sediment aromaticity (Chiou et al., 
1998; Young & Weber, 1995) and organic carbon composition (Weber et al., 1992), 
although these parameters were expected to play a lesser role in controlling PAH 
distributions in sediments and were not considered.
A multiple regression model was developed in order to apportion how much of the 
variance in sediment PAH concentrations was explained by each of the three independent 
variables (TOC, F ^ , and KqW). In applying the multiple regression model to the sediment 
PAH data, all data were log-transformed in order to meet the assumptions of normality and 
homogeneity of variance. The resulting model equation:
PAH, = -2.75 + 0 .73?^, + 0.95TOC (1)
where the subscript “f '’ is used to denote an individual PAH, is highly significant 
(p=0.0001). With this model 88% of the total variance is explained for all PAH 
distributions, with the exception of perylene.
The individual model components, and TOC, contribute 57% and 43% of the 
variance in the sediment PAH concentrations, respectively, based upon their contribution to 
the marginal sums of squares. Despite KqW differences of more than one log unit, a 
compound’s affinity for particulate organic matter does not explain any of the variability in 
sediment PAH concentrations relative to dry depositional fluxes and TOC. This is 
consistent with the idea of a large fraction of PAH in sediments that are unavailable for 
equilibrium partitioning as a result of soot carbon content (Gustafsson & Gschwend, 1997; 
McGroddy et al., 1996). Our data suggest that PAHs in Chesapeake Bay sediments are 
associated with airborne soot particles prior to input to the estuary and that the atmospheric 
soot signal is retained in the sediments. Although soot carbon was measured in this study, 
it covaries with TOC such that these parameters could not be distinguished.
The model results highlight the fact that PAH distributions in sediments removed 
from point sources are dependent upon atmospheric inputs to the system, both direct and 
indirect. The importance of organic carbon in the model most likely reflects sediment 
focusing of fine particulates from riverine inputs to the estuary, rather than a mechanistic 
dependence on organic carbon content for partitioning. This is consistent with previous 
results (Prahl & Carpenter, 1983) in which equilibrium partitioning between aqueous 
phases and high surface area, low density particles did not explain PAH distributions in 
Washington coast sediments.
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Implications for PAH Fate
Although dry atmospheric deposition appears to control the relative concentrations 
of PAHs in sediments of lower Chesapeake Bay, for many PAHs this mechanism is not the 
dominant atmospheric transport process by which PAHs are transferred to the system (Fig. 
5). Exchange of gaseous PAHs across the air-water interface is of similar or greater 
magnitude for various PAHs even when is scaled to the watershed surface area, which is 
14 times greater than the surface area of the bay (LMER Coordinating Committee, 1992).
In this analysis we have used values for the gas exchange fluxes of PAHs into the Bay that 
take into account spatial variability in Fgaj and which are scaled only to the surface area of 
the Bay (Nelson et al., 1998). Nonetheless, these conservative estimates for the net gas 
influx of the volatile and methyl PAHs to Chesapeake Bay should result in a 2-4 fold 
increase in the sediment load of these compounds over the loading due to F ^ , if these 
gaseous pollutants are efficiently transferred to the sediments. In contrast, the influx of the 
less volatile PAHs (e.g. chrysene) due to air-water gas exchange would have a minimal 
impact on the sediment PAH loads. Given these expectations, the fact that the relative 
sediment loads for all of the PAHs (except perylene) correlate with F,^ (Fig. 4), indicates 
that PAHs entering Chesapeake Bay via gas exchange fluxes are not transferred to the 
sediments, but are otherwise removed from the Bay.
Removal mechanisms for PAHs from the Chesapeake Bay other than sedimentation 
include export to the coastal ocean, biological uptake, and degradation. Water discharge at 
the mouth of the Chesapeake Bay averaged 84,000 fF/s from 1971 to 2000 (USGS, 2001). 
Based on this discharge rate and a dissolved organic carbon (DOC) concentration of 120 
limol/L (Mitra et al., 2000) we calculate that the efflux of dissolved and colloidal PAHs to 
the coastal ocean is minimal. For example, using an average dissolved phenanthrene 
concentration of 3 ng/L (Gustafson & Dickhut, 1997b), the annual export of dissolved 
phenanthrene to the coastal ocean is 225 kg/y, or about 8% of the phenanthrene gas 
deposition loading to the Bay. Likewise, assuming the concentration of phenanthrene 
associated with DOC is equivalent to that of particulate organic carbon (i.e. 1 pg/goc 
(Countway, 1999)), the annual export of colloidal phenanthrene to the coastal ocean is 108 
kg/y, or about 4% of the phenanthrene gas deposition loading to the Bay. Moreover, many 
of the PAHs with high gas deposition loadings are slowly photodegraded. For example, 
phenanthrene photodegrades in surface waters with a half-life on the order of 100 midday 
hours (Liu, 1996). In contrast, sorption to particulate and dissolved or colloidal organic 
matter is expected to be much more rapid.
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Mass balance calculations (Kemp et a l, 1997) and lipid biomarker analysis(Canue) 
& Zimmerman, 1999) have shown that phytoplankton and other autochthonous sources of 
organic matter dominate over terrigenous sources of organic material in Chesapeake Bay. 
Moreover, phytoplankton may accumulate PAHs from the dissolved phase in the water 
column, based upon similar PAH and organic matter profile maxima (Dachs et al., 1997; 
Maldonado et al., 1999). In addition, it has been previously demonstrated that levels of 
PAHs associated with bacteria in marine waters are similar to those associated with 
particulate matter (Broman et al., 1996). Thus, volatile PAHs from the atmosphere may 
enter into the base of the aquatic food web. This process may further be accentuated by 
high production of autochthonous organic carbon (Dachs et al., 1999; Dachs et a l, 2000) 
coupled with elevated levels of PAHs in the atmosphere during summer months (Gustafson 
& Dickhut, 1997b), which leads to increased gas deposition to the Bay (Gustafson & 
Dickhut, 1997b). In this case, phytoplankton may act as a biological pump, enhancing the 
transfer of gaseous PAHs across the air-sea boundary, as has been documented for 
polychlorinated biphenyls (PCBs)(Dachs et al., 1999; Dachs et a l,  2000).
Alternatively, PAHs entering via the gas phase may preferentially associate with low 
density amorphous organic matter (i.e. plankton/microbial aggregates) that are retained in 
the water column for longer time periods due to the effects of resuspension. These 
associations may lead to increased water column residence times, which could enhance the 
likelihood of biological or photochemical transformation/degradation. Ultimately, the 
longer residence times and enhanced alteration of PAHs associated with these water-column 
phases would decrease their incorporation into bottom sediments.
Consequently, we propose that the fate of PAHs transferred to Chesapeake Bay via 
gas deposition from the atmosphere is uptake and degradation at lower trophic levels or 
within the water column rather than accumulation in sediments. However, in contrast to 
previous work in large lakes (Dachs et a l, 2000), where enhanced air-sea gas flux resulted 
in enhanced vertical export of PCBs through the water column, volatile PAHs and other 
organic pollutants transferred to Chesapeake Bay via gas deposition may be more 
effectively degraded or transferred into the food web. In any case, from an environmental 
health/risk perspective, the implications for PAHs delivered by gas exchange are likely more 
adverse than for soot-associated PAHs, which appear to be transferred to sediments with 
minimal exchange into biota.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
21
Figure 1. Map of the study sites. Region shown is lower Chesapeake Bay (below the 
Potomac River). Sediment collection sites are noted with (*); (▲) denotes location of air 
samplers.
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Figure 2. Relationships between fractional sediment concentrations of selected PAHs and 
TOC in lower Chesapeake Bay. Perylene (per), r  = .73, phenanthrene (phn), r  = .90, 
benzo(k)fluoranthene (bkf). r2 = -84, dibenzo(ah)anthracene (daha), r  = .83,2- 
methylanthracene (2mp), r  = .79.
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Figure 3. PCA loadings for PAHs in Chesapeake Bay sediments. The compounds cluster 
as a function of source (PC2 vs. PCI) and physical-chemical characteristics (PC3 vs. PC2). 
Fluorene (fir), 1-methylfluorene (Imf), phenanthrene (phn), anthracene (ant), 2- 
methy(phenanthrene (2mp), 2-methyIanthracene (2mp), 1 -methy(anthracene (Imp), I- 
methylphenanthrene (Imp), fluoranthene (flm), pyrene (pyr), benz(a)anthracene (baa), 
chrysene (chr), benzo(b)fluoranthene (bbf), benzo(k)fluoranthene (bkf), benzo(e)pyrene 
(bep), benzo(a)pyrene (bap), perylene (per), indeno(123cd)pyrene (ip), benzo(ghi)perylene 
(bghip), dibenzo(ah)anthracene (daha).
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Figure 4. Correlation of fractional PAH concentrations in Chesapeake Bay sediments with 
annual atmospheric dry particle deposition (top -  correlation excludes perylene) and annual 
atmospheric gas deposition (bottom). Fractional concentration is the average for all 
samples; standard error is < 7% for all compounds. See Figure 3 for compound 
abbreviations.
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Figure 5. Annual atmospheric loading to Chesapeake Bay of selected PAHs. Dry 
deposition is scaled both to the surface area of the Bay (dry dep.- bay) and the surface area 
of the watershed (dry dep.- watershed). Baywide gas deposition loadings (gas dep.-bay) 
from (Nelson et al., 1998). See Figure 3 for compound abbreviations.
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ABSTRACT
To examine the role of physical disturbance on the long-term preservation of 
polycyclic aromatic hydrocarbons (PAHs) in sediments, cores were collected from two 
sites removed from point sources of PAHs and representing contrasting seabed mixing 
regimes. Although IP  AH concentrations in sediments over the past 30 years were not 
significantly different between the two sites, several PAH isomer ratios were significantly 
different (p<0.05) between the two sites. Downcore changes in PAH isomer ratios 
resulted from preferential losses of the more linear PAH isomers. Thus, episodic, 
intense seabed mixing contributes to more efficient removal of selected PAHs. However, 
PAHs are still sufficiently stable relative to mixing events that historical PAH profiles 
can be used to reconstruct major resuspension events.
Keywords: redox; sediment; PAH; attenuation, x-radiographs; :i0Pb; l37Cs; isomer ratios; 
shape parameter; York River, VA
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Background
Polycyclic aromatic hydrocarbons (PAHs) are highly condensed organic compounds 
originating from the incomplete combustion of organic material or directly from fossil 
fuels, as well as from direct biogenic precursors. These compounds are ubiquitous 
throughout the world (Laflamme & Hites, 1978), and historical profiles in the 
sedimentary record reflect the growing contribution of anthropogenic activities to 
elevated levels of PAHs, some of which are carcinogenic, in the environment (Gschwend 
& Hites, 1981; Laflamme & Hites, 1978; Wakeham et al., 1980).
In the marine environment, PAHs are generally associated with particulate matter 
due to their hydrophobicity (Karickhoff et al., 1979) and ultimately deposited in 
sediments where biological and physical processes are both important in determining 
their fate. One important process leading to the attenuation of PAHs in sediments is 
biodegradation. Until recently, it was thought that PAHs could only be degraded under 
aerobic conditions (Bauer & Capone, 1985; Bauer & Capone, 1988). This paradigm has 
been challenged in the last two decades, with increasing evidence of anaerobic PAH 
degradation by denitrifying bacteria (McNally et al., 1998) and sulfate reducers (Coates 
et al., 1997; Hayes et al., 1999). However, anaerobic degradation of PAHs has primarily 
been observed in highly impacted environments (e.g. San Diego Harbor, Elizabeth River, 
VA, Boston Harbor, MA), and it has been suggested that microbial communities in such 
heavily contaminated sediments adapt and acquire the ability to anaerobically degrade 
PAHs (Coates et al., 1997).
Like other particle-associated compounds, PAHs associated with sediments can be 
resuspended into the water column by physical processes or reworked in the sediment 
bed via benthic organisms (Baker et al., 1991; Lipiatou et al., 1993). Sediment 
resuspension can enhance degradation of organic matter by exposing it to oxic 
conditions, promoting desorption into the dissolved phase and by introducing labile 
organic matter to the sediments that stimulates biodegradation through the process of co­
metabolism (Aller, 1998). These processes may similarly affect PAH degradation in 
sediments. In contrast, the influence of bioturbation on PAH degradation has been
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examined (Bauer et al., 1988; Kure & Forbes, 1997; Madsen et al., 1997) with 
conflicting results. The fate of PAHs in bioturbated environments appears to be 
dependent upon the feeding behavior of benthic organisms (conveyor-belt vs. head- 
down) as well as the hydrophobicity of the compound (Kure & Forbes, 1997; Madsen et 
al., 1997). Together, physical and biological mixing processes contribute to dynamic 
seabed environments that are characterized by a spectrum of energy regimes, which in 
tum may govern the fate of PAHs, as well as other sediment-associated compounds.
In this study, we examined the fate of PAHs in sedimentary environments 
characterized by contrasting mixing regimes in an effort to determine if greater seabed 
mixing contributes to more efficient attenuation of PAHs. We analyzed PAHs in 
sediment cores collected from sites representing biologically and physically mixed 
sediment regimes that vary in both the intensity and frequency of disturbance. Our study 
sites are removed from point sources and are situated in an estuarine system characterized 
by strong gradients in physical energy that contradict the paradigm of the quiescent 
microtidal estuary.
Study site
The York River subestuary and its unique energy regime have been well 
characterized by Dellapenna et al. (1998), Kniskem (2001) and reviewed in Schaffner et 
al. (2001). In summary, the York River is a subestuary of Chesapeake Bay, with two 
smaller tributaries (the Pamunkey and Mattaponi Rivers) at the freshwater endmember 
and the southern Chesapeake Bay at the marine endmember. The bathymetry of the York 
River is comprised of a single channel flanked by narrow to broad shoals and sediments 
are muddy throughout most of the river. The York is different from most microtidal 
estuaries because of the magnitude of the energy regime over its 50-km length. The 
combined effects of tidal, wave, and/or fluvial energy make the York River the most 
energetic of the five sub-estuaries of Chesapeake Bay (Schaffner et al., 2001).
The mid- to upper York River is characterized by high bottom currents (60-70 cm 
s '), which contribute to significant sediment resuspension and erosion (Schaffner et al., 
2001). Within the secondary channel, sediments consist of discrete, physically mixed
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layers that are 10-20 cm thick (Kniskem, 2001). Sediment accumulation rates below the 
mixed layers are variable and range from <0.2 cm yr'1 to 0.44 cm yr'1 (Dellapenna et al., 
1998; Kniskem, 2001). While maximum l37Cs penetration depths generally agree with 
:i0Pb accumulation rates, 137Cs depths are occasionally deeper than predicted and suggest 
deep mixing events that disturb the seabed to depths of 10’s to 100+ cm (Dellapenna et 
al., 1998; Kniskem, 2001).
In contrast, the lower York is characterized by an energy minimum and disturbance 
of the seabed is dominated by biological mixing (bioturbation) in the upper 8-16 cm 
(Dellapenna et al., 1998; Kniskem, 2001; Schaffner et al., 2001). Bottom currents are 
considerably lower, ranging from 20-40 cm s'1 in the lower York River (Schaffner et al., 
2001). Outside of the channel sub-environment (e.g. shoals), I37Cs penetration depths are 
shallower than in the upper York and sediment accumulation rates are more variable, but 
slightly higher, ranging from 0.39 cm yr'1 to 1.11 cm yr'1 (Kniskem, 2001).
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M ATERIALS AND METHODS
Sample collection
Sediment box cores (-40 cm) and Kasten cores (-3 m) were collected from two 
sites in the York River characterized by contrasting depositional regimes: the POD site 
(so-called due to past deployment of an instrumented tripod to measure suspended 
sediment and water column dynamics) located in the dynamic and physically mixed mid- 
York, and a site in the more quiescent, but heavily bioturbated lower York (LY) located 
near the mouth of the river. Paired box and Kasten cores were collected from each site at 
low energy times of the year (neap tides during August, 1999 for POD and October, 1999 
for LY). Parallel subcores were also collected for immediate Eh measurements. Within 
12 hours of collection, box and Kasten cores were sectioned (2 cm intervals), 
homogenized, split, and stored in Whirl-pak bags (2I0Pb and l37Cs geochronology ) or 
muffled glass jars, which were frozen at -80°C until analysis for PAHs. Select samples 
were analyzed to best represent the most recently deposited sediments (box cores) and the 
historical record of deposition (Kasten cores).
Additional surface sediment grab samples were collected in March 2000 from LY 
and POD (using a Smith-Mac grab sampler) to assess source signatures in recently 
deposited sediments. Grab samples were homogenized and subsampled for water content 
and organic carbon (total and soot) content, and PAH analyses, which were frozen at 
-80° C until analysis. Due to poor analytical recoveries of PAH surrogate standards for 
some of the samples, only data for two grab samples from each study site are reported 
here.
Geochemical analyses
Total organic carbon
Total organic carbon (TOC) and total nitrogen (TN) were analyzed by high
temperature combustion on a Fisons Instruments Model EA1108 CHNS-O analyzer
following removal of inorganic carbon with hydrochloric acid (Hedges & Stem, 1984).
Soot carbon was quantified similarly following thermal oxidation at 350° C for 12 hours
(Gustafsson et al., 1997). Specific surface area (SSA) was also measured on a subsample
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of the oxidized organic-free sediment using six points along the linear range of N,-BET 
isotherms measured at liquid nitrogen temperatures over a range of relative pressures 
(0.05-0.4) (Gregg & Sing, 1982).
Radiogeochronology
Total l37Cs activities on a dry weight basis (dpm gdw'1) were measured on select
samples using a semi-planar intrinsic germanium detector coupled with a multichannel
analyzer (Dellapenna et al., 1998). Samples were homogenized, packed wet free of
bubbles and weighed into tared 70 ml plastic Petri dishes, counted for 24 hours, and dried
and weighed. Net count rates were converted to activities as described previously
(Dellapenna et al., 1998).
2l0Pb activities were measured as described by Dellapenna et al. (1998), modified
from Nittrouer et al. (1979). Briefly, the sediment sample was spiked with a 209Po
standard and partially digested in concentrated HN03 and 6 N HC1. The 2I0Po daughter of
2>0Pb was separated by spontaneous electrodeposition from the acid leachate onto a silver
planchet. Excess activity was calculated by subtracting the supported (~6Ra) activity at
depth in the cores.
X-radiographs
Plexi-glass sub-cores of the box cores were taken for x-ray analysis of the 
sedimentary fabric. X-radiographs were taken using a Dinex 120-F x-ray unit set at 3 
mA and 60 kV. The film used was Kodak Industrex redipack film and exposure times 
were approximately 120 s (Dellapenna et al., 1998).
Redox potential
Sub-cores (7.62 cm diameter with holes drilled at 0.5 cm intervals along the 
length of the core and sealed with silicone) were collected from the box core to measure 
the redox potential (Eh). Measurements were made within 6 hours of sampling by 
inserting a platinum electrode through the side of the core at 1.0 cm intervals from 0-10 
cm and at 5.0 cm intervals below 10 cm until the end of the core. Readings were 
measured on a standard pH meter connected to a saturated calomel reference electrode 
placed in overlying water, corrected for temperature and the potential of the reference
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electrode (Giblin, 1997). The electrode was calibrated by measuring the redox potential 
of quinhydrone dissolved in buffers of pH 4 and 7 (Bohn, 1971).
PAH extraction and quantification
Sediments were extracted and analyzed as described previously (Arzayus et al.,
2001), modified to utilize microwave vs. sonic energy. Briefly, wet sediment was spiked
with a surrogate standard solution containing deuterated PAHs (dI0-anthracene, d12-
benzo(a)anthracene, d,:-benzo(a)pyrene, and d,2-benzo(ghi)perylene). The sample was
extracted using a modified Bligh-Dyer extraction (Bligh & Dyer, 1959) with 2:1, v:v
CH2C12/CH30 H  and assisted by microwave energy (ramping up to 80°C in five minutes
and holding for five minutes; decant and repeat). Extracts were then cleaned up via solid-
liquid chromatography on silica (Dickhut & Gustafson, 1995), and sulfur was removed
with activated copper powder (Ozretich & Schroeder, 1986). PAHs were determined by
gas chromatography/mass spectrometry using selective ion monitoring and quantified
against the surrogate standard, as described previously (Dickhut & Gustafson, 1995).
Recoveries of the surrogates anthracene, benzo(a)anthracene, and benzo(a)pyrene were
quantified against deuterated internal standards, added immediately prior to injection.
Average recoveries were 64±6%, 79±11%, and 69±8%, respectively.
Statistical treatment o f data
Data were analyzed with Microsoft Excel or Minitab. Between site differences
were assessed with t-tests assuming unequal variances. Differences among groups of
samples were assessed using one-way analysis of variance (ANOVA) and Fisher pairwise
comparisons. Samples were deemed significantly different if p<0.05.
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RESULTS
Study site characterization
Energy regime and bulk measurements
The energy regime and its effect on sediment deposition at the two study sites
were characterized by examining water content, x-radiographs, and the redox potential of 
the upper 30 cm. Water contents for LY and POD ranged from 70% in surface sediments 
at both sites to 48% and 49% at depth (250 cm), respectively. Despite similar overall 
water contents at both sites, water content profiles were more variable at POD with 
episodic shifts ranging up to 20%, likely reflecting episodic mixing and sediment 
packages (Figure 1). In contrast, the profile at LY is smoother suggesting either a 
constant mixing of similar intensity or no mixing. Total organic carbon, soot carbon and 
specific surface area data (Table I) reveal no significant differences (t-tests, p > .10) 
between POD and LY.
X-radiographs were noticeably different between LY and POD (Figure 1). 
Sediments in the upper 10-15 cm at LY are homogeneous, suggestive of bioturbation 
(Kniskem, 2001; Schaffner etal., 2001)]. Sediments below this surface mixed layer 
show fine laminations overlain with a near constant relic bioturbation signal. Different 
timescales are represented; the laminations represent longer timescales of deposition, 
while the bioturbation represents mixing events operating on shorter time scales than the 
depositional events. In contrast, sediments at POD consist of discrete packages of 
sediment up to 10 cm thick separated by hiatal surfaces. Sediment appears to be 
episodically disturbed, eroded and redeposited at intervals throughout the core, as has 
been documented at this location previously (Dellapenna et al., 1998). Some evidence of 
bioturbation within these packages is present at the top of the core (worm tube) and two 
thirds of the way down (burrowing clam). The x-radiographs of the surface sediments 
are representative of the entire cores at both sites, as well as cores collected previously 
from the study sites, with a bioturbation signal throughout LY and evidence of alternating 
bioturbation and extreme physical disturbance throughout POD (Kniskem, 2001).
Downcore profiles of redox potential were also remarkably different between the 
two study sites (Figure 2). Eh profiles at LY are typical of those measured in estuarine
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sediments (Fenchel, 1969), becoming negative within 5 cm below the surface. The 
striking contrast at POD, where Eh remains positive throughout the upper 10’s of cm, 
suggests that porewaters were recently flushed with overlying water resulting in 
oxidizing conditions down to at least 45 cm.
137 Cs an d 210 Pb geochronologies
In order to compare the sediment cores collected from the two study sites, isotope
geochronology was used to constrain the dates of the sampling horizons. Because of the 
mixing and non-steady state depositional conditions at both sites, ages for each depth 
horizon in more recent sediments could not be accurately determined. Despite these 
uncertainties, some time horizons such as the initial delivery of l37Cs (1954) and its 
maximum inputs (1963) can be clearly defined (Figure 3, inset). Peak l37Cs deposition to 
Chesapeake Bay and other regions occurred in 1963 (Krishnaswami et al., 1971). 
Maximum l37Cs activity in the LY core occurred at 54 cm and its activity decreases 
moving both up and down core with non-detectable levels below 60 cm. Consistent with 
the x-rays and Eh profiles, I37Cs profiles for sediment cores collected at POD display a 
nearly homogeneous profile in the upper 40 cm before dropping off rapidly to non- 
detectable levels at 60 cm. Thus, the upper 40 cm of sediment at POD was deposited 
post-1963; finer date resolution is not possible. The lack of l37Cs attenuation in the upper 
20 cm of the LY core is most likely due to bioturbation, which results in the mixing of 
older, 137Cs-enriched sediment into surface sediments. The apparent increase in 137Cs 
activity in the upper 15-20 cm at LY and POD may also be attributable to erosion of 
shoreline/marsh sediments followed by lateral transport and subsequent deposition of 
older (i.e. closer to 1963) sediments.
Using the l37Cs data, we are confident in assigning pre- and post- 1954 and 1963 
periods to each core. However, since the average 137Cs activity is significantly higher at 
POD than LY (0.38 ± 0.09 vs. 0.24 ± 0.07; p<0.005) in the upper 40 cm and 54 cm of the 
cores (post-1963), respectively, sediments are still, on average, older at POD than at LY. 
Excess 210Pb profiles support the l37Cs profiles, exhibiting a more dynamic mixed zone in 
the upper 40 cm at POD compared to a shallower mixed zone (-15 cm) at LY (Figure 3). 
Excess 210Pb-derived accumulation rates below the mixed zones were used as a check for 
deep mixing and are in general agreement with our >37Cs dates and previously published
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geochronology data for the study sites (Dellapenna etal., 1998; Kniskem, 2001). The 
210Pb-derived accumulation rates below the mixed zone were 0.39 ± 0.10 cm y r1 at POD 
and 0.69 ± 0.09 cm yr'1 at LY (this study and Kniskem, 2001). Assuming the rate at LY 
remains constant deeper in the core, samples at 200 cm depth at LY date back 275+ years 
(ca. 1750).
PAH sediment profiles
Box and Kasten cores
Total pollutant PAH concentrations (not including perylene, which was
determined to have an upriver natural source; (Countway et al., in press) range from 36 to
819 ng g 1 at POD and from 46 to 718 ng g'1 at LY (Figure 4). Concentration profiles are
not significantly different (t-test, p=.21) between the two sites in the upper 45 cm of each
core, roughly corresponding to the post-1963 depositional period (Figure 3). A
decoupling occurs below 50 cm when PAH at POD attenuate much more rapidly than at
LY before both reach similar background levels (~50 ng g'1). Individual PAH
concentrations for both cores can be viewed at the following internet address:
http://www.vims.edu/GreyLitATMS/dr059.pdf.
PAH isomer ratios
Isomer ratios were calculated for the surface grab samples to compare present-day 
PAH source signatures at each site. Isomer ratios are illustrated as scatter plots of one 
isomer against the other (Figure 5). In York River surface sediments, PAH isomer ratios 
are comparable to those calculated for surface sediments throughout southern Chesapeake 
Bay (Arzayus et al., 2001), as all the samples are fit well by the same line. Comparisons 
of PAH isomer ratios in POD, York River, and Chesapeake Bay surface sediments 
(collected as part of this study and (Arzayus et al., 2001), did not yield any significant 
differences (t-tests, p>.05). The average isomer ratios for benzo(a)anthracene/chrysene 
and benzo(b)/(k)fluoranthene of southern Chesapeake Bay surface sediments, indicated 
by the slopes o f the lines, are more similar to coal soot (1.11+0.06 and 3.70+0.17, 
respectively) than automobile emissions (0.53+0.06 and 1.26+0.19, respectively), as 
noted previously for this region (Dickhut et al., 2000).
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We also examined how isomer ratios changed over time within and between the 
study sites in horizons representing deposition since 1963 (Figure 6). Isomer ratio 
deviations between the two study sites in the upper 20 cm (part of the physically mixed 
and bioturbated layers at POD and LY, respectively, Figure 3) are apparent despite the 
similar isomer ratios in the surface grab samples (Figure 7). Similarly, we compared 
PAH isomer ratios in the surface sediment samples (using all surface sediment data) and 
the 40-60 cm section at POD (just below the physically mixed layer) representing 
sediments deposited between 1954 and 1963, to those in post-1963 sediments from both 
sites. ANOVA revealed no significant differences among sediment compartments for 
anthracene/phenanthrene, but highly significant differences (p<0.001) among 
compartments for pyrene/fluoranthene, benzo(a)anthracene/chrysene, benzo(a)/(e)pyrene, 
and benzo(b)/(k)fluoranthene, as well as for indeno(l,2,3-cd)pyrene/benzo(ghi)perylene 
(p<0.005). Fisher’s pairwise comparisons revealed that the source of the significant 
differences in the ANOVAs is due primarily to differences between the surface sediment 
samples and the upper and lower mixed sediments at POD and differences between the 
upper mixed sediments at POD (1-20 cm) and LY (1-20 cm) (Table 2).
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DISCUSSION
Energy regime characterization
X-radiographs provide a useful means of characterizing depositional 
environments (Dellapenna et al., 1998; Hinchey & Schaffner, 2001; Kniskem, 2001; 
Schaffner et al., 2001). They are but one of several tools that we used in our study to 
assess sediment mixing and irrigation. The x-radiographs from POD and LY (Figure 1) 
represent two types of mixing regimes, physically and biologically mediated (Dellapenna 
et al., 1998; Schaffner et al., 2001). While bioturbation appears to be an almost constant 
source of mixing in the upper 15-20 cm at LY, mixing at POD is more episodic resulting 
in erosion and deposition of whole parcels of sediment that can be up to 10 cm thick and 
are separated by hiatal surfaces. As a result, sediments are more vigorously, but 
intermittently, disturbed at POD than at LY. This is supported by the water content data, 
which show greater variability at POD than LY (Figure 1). Thus, mixing occurs both at 
different frequencies and at contrasting intensities at the two study sites. These mixing 
characteristics are present throughout the cores.
Eh, 137Cs, and 2I0Pb profiles suggest a more dynamic and episodic depositional 
environment at POD than at LY (Figures 2-3). Redox potential is measured relative to 
the overlying seawater and reflects the ratio of oxidized to reduced constituents in the 
porewater, not the absolute concentrations (Whitfield, 1969). However, Eh reflects only 
the current redox potential and is not a historical view, such that it is possible that 
sediments could become reducing between mixing episodes. Dellapenna et al. (1998) 
proposed a scenario by which sediment is rapidly resuspended at regular intervals. In this 
case, the Eh would essentially be reset between mixing episodes, alternating between 
reducing and oxidizing conditions. This scenario has yet to be documented as 
preliminary work has demonstrated persistent oxidizing conditions in monthly samplings 
from the mid-York (Hinchey and Schaffner, pers. comm.).
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Fate of PAHs in post-1963 sediments
As discussed above, PAH fate in sediments is dependent upon physical and 
biological factors that vary both spatially and temporally. Resuspension events can 
promote recycling of PAHs in the water column although efficiency decreases with 
decreasing solubility and increased KqW (Baker et al., 1991; Jeremiason et al., 1998). 
Bioturbation has been shown to both promote recycling of PAHs by increasing oxygen 
content and stimulating microbial activity (Bauer et al., 1988; Madsen et al., 1997) and 
inhibit PAH degradation by mixing the PAHs deeper into the sediment (Kure & Forbes, 
1997). Bioavailability, or the ease, with which PAHs can be consumed or assimilated by 
organisms, is also a function of the association of PAHs with sediment particles. It is 
generally thought that PAHs trapped in soot particles are unavailable for partitioning or 
degradation (Gustafsson etal., 1997; McGroddy & Farrington, 1995), while PAHs found 
in flocculent OM or “soft” domains are more readily oxidized (Cuypers et al., 2000).
Due to the predominant atmospheric source of PAHs to Chesapeake Bay (Arzayus et al., 
2001; Dickhut & Gustafson, 1995; Nelson et al., 1998) and low 
methylphenanthrene/phenanthrene ratios (Prahl & Carpenter, 1983), PAH are largely 
derived from soot particles as opposed to petroleum inputs. Thus, PAH in this highly 
condensed form should be largely unavailable for degradation.
We were able to document that present sources of PAHs to sediments are similar at 
the two York River study sites based upon the surface sediment grab samples and isomer 
ratios (Figure 5). Isomer ratios are commonly used to attribute PAHs in the environment 
to a variety of sources (Dickhut et al., 2000; Mitra et al., 1999, and reference therein; 
Yunker et al., 2002). Once released to the environment, the relative concentration 
differences should theoretically remain the same, with respect to processes dependent 
upon their common thermodynamic properties and mass transfer coefficients. 
Consequently, the similarities in isomer ratios for PAHs in surface sediments at the study 
sites and throughout southern Chesapeake Bay indicate that sediment PAH sources are 
currently similar in this region. However, individual PAH isomers may be preferentially 
degraded with respect to other isomers via photochemical and biological processes 
(Coates et al., 1997). With respect to microbial degradation, enzymes are generally 
specific in their ability to degrade organic compounds and very subtle conformational
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differences may make molecules inaccessible to attack. For example, Coates et al. (1997) 
found that fluoranthene was preferentially degraded over pyrene under sulfate reducing 
conditions. The downcore changes in pyr/flnth observed at POD are consistent with 
preferential degradation of fluoranthene.
Since isomer ratios are similar in recently deposited sediments at both study sites and 
throughout lower Chesapeake Bay (p>0.05; Figure 5), we attribute between-site 
deviations in PAH isomer ratios in post-1963 sediments (1-20 cm, Figure 7) to 
preferential degradation or removal of one isomer over another. Isomer ratios were 
significantly different between POD (1-20 cm) and the average surface sediments for 
most of the PAH isomer pairs examined (Table 2). PAH isomer ratios were also 
significantly different between POD (1-20 cm) and LY (1-20 cm) for baa/chry, bbf/bkf, 
and ip/bghip (Figure 7, Table 2). Moreover, a common trend is observed with respect to 
the changes within each PAH isomer pair in the sediment cores such that isomers with a 
greater length/breadth ratio (e.g. fluoranthene, chrysene, benzo(a)pyrene, 
benzo(k)fluoranthene, indeno(l,2,3-cd)pyrene) decrease more rapidly in concentration 
relative to their more angular isomers.
For PAHs, elongated (greater length/breadth ratio) molecular shape tends to impart 
both greater induction and repression of enzymatic activity, depending upon the enzyme 
(Kaliszan et al., (1979). In the Kaliszan study, a shape parameter representing the 
elongation of a given PAH was found to be proportional to the percent repression (i.e. 
biological activity) of the enzyme dimethylnitrosamine-demethylase. If enzyme activity 
can be correlated with biological activity, and hence, susceptibility to microbial attack, 
preferential biodegradation of elongated PAHs may explain the isomer ratios observed in 
this study. However, it is important to keep in mind that the PAH shape must be 
considered along with other intrinsic properties of the compound that promote biological 
activity, such as mass transfer and partitioning coefficients.
Lack of differences in the anth/phen ratio among sediment compartments may be 
partly due to the fact that low molecular weight compounds are typically degraded faster 
than high molecular weight compounds, as they are more water-soluble and microbes can 
more easily take up substrates from the dissolved phase (MacRae & Hall, 1998). 
Anthracene and phenanthrene may be small enough and/or dynamic enough that
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microbes can degrade them easier than heavier compounds, with little differentiation 
between the isomers. Thus, the subtle differences in concentrations observed between the 
other PAH isomer pairs may not be observed with anthracene and phenanthrene if the 
readily bioavailable pool of these PAHs has been removed.
A recent study has shown that PAHs were degraded faster in the presence of a solid 
phase, but this process may be limited by nutrients and electron acceptors in the dissolved 
phase (Poeton et al., 1999). While both of our study sites exhibit different degrees of 
mixing, the higher energy at POD may better replenish nutrients and electron acceptors 
more often, as exemplified by the observed redox profile (Figure 2), thus enhancing 
degradation. This has been documented in studies examining the effects of bioturbation 
on organic carbon decomposition (Aller & Aller, 1998, and references therein). Another 
consideration may be the effect of redox oscillation (Aller, 1994; Aller, 1998; Sun et al.,
1993). In bioturbated sediments, particles are constantly cycling between oxic and 
anoxic zones; however, they tend to spend more time under anoxic conditions (Aller,
1994). The initial remineralization of existing microbial biomass in addition to inputs of 
fresh organic matter serve as primers to the system, enhancing decomposition either 
through co-metabolism or as a result of increased microbial activity. Based on our 
knowledge of the study sites, oscillating redox conditions are more likely to occur at 
POD than LY, potentially contributing to the observed enhanced degradation of select 
PAHs. At the very least, porewater constituents at POD are more frequently oxidized 
than at LY, as exhibited by observed redox potentials over several monthly samplings 
(Figure 2, Hinchey and Schaffner, pers. comm.).
Despite the statistically significant trends observed in the isomer ratios among 
sediment compartments, significant differences in absolute concentrations of total PAH 
between sites were not observed. Although we were able to constrain the sediment at 
both sites to post-1963, this parcel of sediment at POD is on average older than at LY 
due to higher average 137Cs activities at POD than at LY. These older, but still post-1963, 
sediments at POD are more homogeneously mixed throughout the sediment column.
Thus, losses of select PAHs may be expected to occur over a longer period of time due to 
mixing processes operating over different time scales at POD than LY. However, the fact
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that overall PAH concentrations are not significantly different in the post-1963 sediments 
from each site indicates that PAH degradation rates are likely very slow.
The isomer ratio differences among sediment compartments are also slight compared 
to the uncertainty in analytical precision associated with the individual PAH 
measurements (Dickhut & Gustafson, 1995). When propagated, the uncertainty in the 
isomer ratios may be as large as 35% and the relative standard deviations are as much as 
an order of magnitude larger than the standard error of the isomer ratios calculated within 
each sediment compartment (Figure 7). Thus, while the observed trends in isomer ratios 
may be statistically significant, they are still slight compared to the overall PAH 
concentrations, and PAHs are in general not readily degraded in the environment. 
However, our data suggest that depositional environment may play an important role in 
the attenuation of harmful organic contaminants and should be considered in the 
evaluation of toxicity or remediation strategies, particularly for more reactive 
compounds.
Historical PAH signal
Despite the evidence for preferential attenuation of PAH isomers at POD vs. LY, the 
overall stability of PAHs is sufficiently high to enable us to further characterize the 
depositional regime at the two study sites. For example, throughout the Northern 
Hemisphere, PAH concentrations increased dramatically at the turn of the last century 
and peaked in the middle of the 20* century, before declining slightly to present-day 
levels (Fernandez et al., 2000). At the base of the cores (>150 cm) we collected in the 
York River, VA, PAH concentrations are similarly low and probably represent pre­
industrial concentrations of PAH. Thus, sediments at the base of our cores (>150 cm) are 
likely over 150 years old (c. 1850).
Given the agreement in PAH concentrations in the upper and lower sections of the 
cores, it is difficult to reconcile the observed differences in the midsections (50-150 cm) 
of the cores (Figure 4). In the POD core, PAH levels increased over pre-industrial levels 
starting around 1954 (60 cm), whereas in the LY core, PAH levels are well over pre­
industrial levels by 1954 (75 cm). In order to explain the decoupling of the two profiles
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and rapid attenuation of PAH at POD below 50 cm, we considered a number of 
explanations. It is unlikely that degradation proceeded at such a rapid rate to contribute 
to the decreases in concentration observed in the core collected at POD compared to LY. 
Net accumulation rates may be much slower at POD compared to LY due to the mixing 
and removal of sediment from POD. PAH at LY may in fact be buried faster, as has been 
observed in bioturbated sediments (Holmer et al., 1997; Kure & Forbes, 1997).
However, physical mixing can also serve to bury sediments faster by providing further 
penetration, as exhibited in deep mixing of 137Cs (Dellapenna et al., 1998). Thus, it is 
unlikely that accumulation or penetration of PAHs at POD is substantially less than at 
LY.
Alternatively, sediment may have been sufficiently scoured from POD during a large 
erosional event. With this scenario, a parcel of sediment approximately 100 cm thick 
would need to have been removed in order to align the sediment PAH profiles (Figure 4). 
While this would be an extreme event, it is not unlikely. Dellapenna et al. (1998) 
observed a decoupling in porosity of 70 cm between two cores collected 9 months apart 
in the same area as POD. Upon correcting the porosity profiles with the I37Cs common 
datum, the gap was removed, implying that 70 cm of sediment eroded within less than a 
year. As evidenced by the x-radiographs, sediment was more likely removed in 
decimeter-scale parcels, rather than 70 cm at once. In any case, an extreme erosional 
event(s) could reconcile the two PAH profiles. Between 1955 and 1961, southern 
Chesapeake Bay experienced four hurricanes and/or tropical storms that could have 
resulted in extreme resuspension and depositional events (Cry, 1965). Evidence for this 
potential was observed in a parallel study of the York River in 1999 (Kniskem, 2001). 
During Hurricane Floyd in 1999, the mixed layer depth in the sediments collected from 
the channel in the upper York decreased by -1 m between 20 September and 19 October 
and then increased by -1 m the following week (Kniskem, 2001). Thus, the decoupling 
of the historical PAH profiles at POD and LY may be explained by high intensity 
physical disturbances characteristic at POD.
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CONCLUSIONS
In this study, we investigated the effects of two different types of sediment 
disturbance on the fate and historical signal of PAHs in the York River, VA. In post- 
1963 sediments, absolute concentrations of total PAH were not significantly different 
between the two sites. However, PAHs with higher length/breadth ratios exhibited 
greater attenuation relative to their angular isomers at POD, although the changes are 
very slight compared to overall PAH concentrations and associated analytical 
uncertainty. Any loss, presumably due to microbial degradation, most likely happens at 
slower rates than the frequency of extreme mixing events, and PAH profiles still revealed 
important historical information about the sediment depositional history at both of these 
sites. A large erosional event appears to be recorded in the POD profile that would not be 
apparent otherwise when looking at more reactive compounds. Thus, historical PAH 
profiles can serve as a tracer of sediment dynamics, as well as a recorder of 
anthropogenic emissions.
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Table 1. Total organic carbon (TOC), soot carbon, and
POD Depth (cm) TOC (mq/q) soot C mg/g SSA (mVg)
1 23.2 2.9 18.72
7 28.2 3.4 25.92
21 20.2 3.5 19.55
29 25.7 3.8 14.56
37 16.9 2 20.96
49 15.1 1.1 14.62
54 13.2 0.9 13.48
59 12.3 1.3 16.47
129 15.4 1.3 19.07
191 15.2 0.8 20.73
LY Depth (cm) TOC (mg/g) soot C mg/g SSA (nrVg)
1 21.3 3.3 18.76
9 22.1 3.6 19.69
11 21.5 3.6 19.57
17 20.2 3.5 17.48
33 19.8 3.4 20.46
64 14.9 2.6 18.90
99 14.9 2.5 20.36
129 12.2 2.3 19.52
149 12.4 2.2 20.06
191 10.4 1.5 17.53
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Figure 1. X-radiographs and water content profiles of upper 30 cm at POD (box core) 
and LY (Kasten core).
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Figure 2. Eh profiles from sediment box cores at POD and LY.
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Figure 3. Excess 2l0Pb profiles at A) POD and B) LY. Insets represent l37Cs profiles at 
POD and LY, respectively. The 1963 horizon is at 41 cm for POD and 54 cm for LY.
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Figure 4. Total pollutant PAH profiles at POD and LY. Closed symbols are box cores, 
open symbols are Kasten cores. Inset is a zoom of the upper 45 cm of the POD and LY 
profiles.
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Figure 5. Average isomer ratios for surface sediment samples (<0.5 cm) collected from 
southern Chesapeake Bay (CB) and the York River in 1996-1997 and 2000.
A) benzo(a)anthracene/chrysene and B) benzo(b)fluoranthene/benzo(k)fluoranthene, as 
exhibited by the slope of each line: 1.08 ±  0.034 and 2.91 ± 0.048, respectively. CB 
samples were collected in 1996-1997, river mouth samples were collected in 1996-1997 
and include the mouths of the Rappahanock and York Rivers (Arzayus et a i,  2001), LY 
and POD grabs were collected in March, 2000.
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Figure 6. Select isomer ratios, calculated for each downcore sample in upper 50 cm. 
Closed symbols are box cores, open symbols are Kasten cores. A) pyrene/fluoranthene,
B) benzo(a)pyrene/benzo(e)pyrene, C) benzo(b)fluoranthene/benzo(k)fluoranthene.
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Figure 7. Average isomer ratios in all surface sediment samples, mixed layer at LY (1-20 
cm), the upper mixed layer at POD (1-20 cm), and just below the mixed layer at POD 
(40-60 cm). Abbreviations as in Figure 6 (axis labels) and anth=anthracene, 
phen=phenanthrene, baa=benzo(a)anthracene, chry=chrysene, ip=indeno(l,2,3cd)pyrene, 
bghip=benzo(ghi)perylene.
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EFFECTS OF BIOLOGICAL AND PHYSICAL MIXING ON 
DEGRADATION OF ORGANIC MATTER IN ESTUARINE
SEDIMENTS §
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ABSTRACT
Recent studies have suggested that sediment-mixing processes may be important 
among the mechanisms affecting carbon preservation. In this study, we investigated the 
influence of biological and physical disturbance (e.g. tidal resuspension) on the long-term 
fate of bulk organic matter and source specific lipid biomarker compounds (>200 years). 
We measured elemental, stable isotopic (carbon and nitrogen) and lipid biomarker 
compositions of sediment cores (-2.5 m deep) collected from two sites in the York River, 
a subestuary of the Chesapeake Bay, USA. One site (LY) is influenced by biological 
mixing (bioturbation), restricted to the upper 15-20 cm, while the other site (POD) 
experiences intense, episodic mixing events that penetrate 50-100 cm into the sediment. 
We utilized a suite o f auxiliary measurements to constrain the sources of organic matter, 
depositional environments, and general ages of the cores. While stable carbon isotopes 
and lipid biomarker compounds indicate that organic matter sources to both study sites 
are dominated by autochthonous inputs, the marine signature is more prominent at LY. 
Diagenetic modeling of total organic carbon (TOC), total nitrogen (TN) and total 
extractable lipid (TLE) profiles below the surface mixed layer yield higher apparent rate 
constants for POD than LY suggesting that episodic but intense physical mixing 
promotes enhanced degradation of organic matter. Downcore changes in concentration 
and calculated apparent rate constants for lipid biomarker compounds indicate that 
depositional regime is only important in the most recently deposited sediments (<5 years 
old), where physical mixing promotes more rapid removal o f the most labile material. In 
older sediments (< 40 years old), compound class (i.e. fatty acids vs. sterols) is more 
important than source or depositional regime in the fate o f organic matter.
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INTRODUCTION
Mechanisms of organic carbon preservation have been reviewed and continue to 
be explored in the field of organic geochemistry (Hedges & Keil, 199S). Conflicting 
results and varying environmental conditions have made it difficult to assign one 
dominant control due to the heterogeneity o f depositional regimes. One central debate 
has been the role of oxygen and whether aerobic conditions promote degradation to a 
greater extent than anaerobic environments (Demaison & Moore, 1980; Pedersen & 
Calvert, 1990). The role of oxygen directly affects not only the ambient microbial 
populations in the sediment but also the communities of benthic animals that facilitate 
both the re-release of organic matter (OM) in dissolved forms and/or OM 
remineralization to COifLee, 1992). However, results from studies evaluating the role of 
oxygen on organic matter preservation have been equivocal (reviewed in Hedges & Keil, 
1995). The role of associations between organic matter and mineral or macromolecular 
phases has also been considered as a mechanism for carbon preservation in the 
environment. This is suggested by observations of a common organic carbon.specific 
surface area ratio in many soils and sediments (Keil et al., 1997; Keil et al., 1994; Mayer, 
1994). Although this hypothesis has received wide support there are still environments 
(e.g. sediments in the Peru upwelling region) for which this explanation does not hold 
(Lee, 1994).
In more recent studies, it has been suggested that it is not oxygen availability per 
se but oxygen exposure time that is critical to the preservation potential of organic matter 
deposited in marine sediments (Hartnett et al., 1998; Hedges et al., 1999). These authors 
found that organic carbon burial efficiency and total organic carbon content are inversely 
related to total oxygen exposure time. Other work further suggests that oscillating redox 
regimes play a critical role in promoting organic matter remineralization (Aller, 1998;
Sun et al., 2002a; Sun et al., 2002b; Sun et al., 1993). In deltaic environments, where 
depositional conditions are far from steady state and large parcels of sediment are in near 
constant vertical and horizontal motion, sediments can behave as fluidized bed reactors 
where organic matter degradation may be enhanced due to constant replenishment of 
electron acceptors including oxygen as well as fresh inputs of labile organic matter that
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serve to “prime the reactor” (Aller, 1998). In addition to this physical process, mixing by 
organisms (bioturbation) has been shown to promote diagenesis on smaller spatial scales 
(Aller, 1994; Kristensen & Blackburn, 1987).
While fluidized bed reactors have only been reported for deltaic environments, 
such energetic sediment beds may also be present at smaller spatial scales in estuarine 
environments (Dellapenna et al., 2001; Schaffner et al., 2001). These environments 
contrast with the paradigm of the quiescent estuary. The objective o f this study was to 
determine how biological and physical mixing conditions affect the fate of total organic 
carbon (TOC) and lipid biomarker compounds in sediment cores collected from the York 
River, VA, a microtidal subestuary of the Chesapeake Bay. While previous studies have 
examined the effects o f biological and physical mixing in laboratory studies (e.g., 
Kristensen and Blackburn, 1987; Sun et al., 2002a,b), such comparisons have not yet 
been undertaken in field studies where organic matter sources and sediment accumulation 
rates could be constrained. In this study, sediment cores were compared at two sites 
within the York River, each characterized by different energy regimes. One site is 
characterized by regularly bioturbated sediments while the other is a shallower site 
characterized by episodic deep tidal mixing that penetrates the sediments as deep as 1 m 
(Dellapenna et al., 1998; Kniskem, 2001). Both sites have an oxic water column year- 
round. To constrain inputs of organic matter to each site, seasonal variations in organic 
matter sources were also examined in surface sediments.
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Study Sites and Sample Collection
The study sites and sediment core collections in 1999 and 2000 (Figure 1) are 
described in detail in Chapter 3. These samples were collected under varying river flow 
conditions (Figure 2). Briefly, box and Kasten cores were collected from two sites within 
the York River subestuary of the Chesapeake Bay: the well-studied POD site (Dellapenna 
et al., 1998; Kniskem, 2001) midway up the river and a site located in the lower York 
River closer to the mouth of the river (LY). One box core and one Kasten core were 
collected from each of the sites. Sections from the cores were homogenized and 
subsampled for isotope geochronology (2I0Pb and l37Cs), bulk elemental analysis, and 
lipid biomarker analysis (see below). Dating of the cores was described in Chapter 3. 
Surface sediments were also collected seasonally as part of an earlier study (1996-1997; 
Chapters 2 and 3). York River samples from that study were collected from the mouth of 
the York River (WE4.2) and from the POD site. In March 2000, three surface grab 
samples were collected from LY and POD to assess spatial and sampling variability 
within each sampling site and for comparison to the data obtained during the seasonal 
samplings (1996-1997). Sediments for bulk elemental analysis were dried, ground, and 
stored in capped plastic vials at room temperature. Samples for lipid biomarker analyses 
were stored in muffled glass jars (450°C) lined with muffled foil at -80°C. Sediments for 
geochronology and other auxiliary parameters were collected and stored as described in 
Chapter 3.
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The York River is formed from freshwater draining from the Mattaponi and 
Pamunkey Rivers at its head and from saltwater intrusion from Chesapeake Bay at its 
mouth. Freshwater flow is dominated by the Pamunkey River (Figure 2) and is highly 
variable both seasonally and interannually. Sediment collections took place almost 
exclusively during low flow conditions, but sometimes occurred following higher flow 
events during the seasonal study (e.g., April 1996).
Elemental and Isotopic Analyses
Total organic carbon (TOC) and total nitrogen (TN) were analyzed via high 
temperature combustion on a Fisons Instruments Model EA1108 CHNS-0 analyzer 
following removal of inorganic carbon with hydrochloric acid (Hedges & Stem, 1984). 
Stable isotope samples were prepared by weighing a small amount of dried and acidified 
sediment into solvent rinsed tin capsules. Samples were analyzed at the University of 
California, Davis-Stable Isotope Facility on an isotope ratio mass spectrometer using a 
continuous flow system with on-line sample combustion (Europa Scientific Integra).
Select samples were run in duplicate to check analytical precision (relative standard 
deviation <0.5% per mil). Stable carbon isotope (8I3C) values are expressed relative to 
PeeDee Belemnite. Stable nitrogen isotope (5,5N) values are expressed relative to 
atmospheric nitrogen standard.
Lipid Biomarker Analyses
All glassware for lipid processing was muffled at 450 °C for 4.5 hours. Thawed 
sediments were extracted twice (-10  g wet weight) with 60 ml dichloromethane:methanol 
(2:1, v:v) assisted by microwave energy (CEM MSP 100), ramping up to 80 °C in five 
minutes and holding for five minutes. Samples were centrifuged at 1800 rpm for 10 
minutes in the microwave vessels and decanted into 500 ml muffled glass separatory 
funnels. Samples were partitioned with the addition of 20% NaCl in hexane-extracted 
deionized water such that the final proportion of dichloroform:methanol:water was 
2:2:1.8 (Bligh & Dyer, 1959). Each separatory funnel was shaken for 1-2 minutes and 
left to separate into two phases for one hour. The dichloromethane (lower) fraction was
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collected and refrigerated overnight over pre-combusted (450 °C, 4.5 hours) anhydrous 
Na2S0 4 to remove traces o f water.
The extract was concentrated to 1 ml the following day using turbo-evaporation 
(Zymark Turbo Vap). A portion representing approximately 1-2 mg total lipid was dried 
and saponified air-free (nitrogen headspace) with 3 ml IN KOH (in aqueous methanol) in 
15 ml glass centrifuge tubes at 110°C for 2 hours. Hexane-extracted deionized water (3 
ml) was added to the cooled samples before extracting the neutral lipids into hexane 
(three times 5 ml), shaking for one minute and partitioning for 30-60 minutes between 
each extraction. The aqueous phase was acidified with -1 ml 3N HC1 (Fisher Optima 
and hexane extracted deionized water) until pH=2 and acidic lipids were extracted three 
times with 5 ml hexane, as with the neutrals. Neutral and acidic lipids were refrigerated 
overnight over anhydrous Na2S0 4.
The acids were derivatized to fatty acid methyl esters (FAMEs) with 3% BF3 in 
methanol, by heating samples at 85 °C for 1 hour under a nitrogen headspace. The cooled 
reagent was extracted three times with 5 ml hexane and refrigerated overnight over 
anyhdrous Na^SO^ FAMEs and neutral lipids were further separated and purified with 
silica gel chromatography. Deactivated (5%) silica gel (lg) was packed bubble-free with 
hexane in glass columns and lipid compound classes were eluted with solvents of 
increasing polarity. FAMEs were eluted in combined 5 ml portions of 5% and 10% ethyl 
acetate in hexane and alcohols/sterols were eluted in combined 10% and 15% ethyl 
acetate in hexane (Canuel & Martens, 1993; Zimmerman & Canuel, 2000). Sterols and 
alcohols were then derivitized to trimethylsilyl (TMS) ethers with 
bis(trimethylsilyl)trifluoro-acetamide (0.25 ml) diluted in acetonitrile (0.5 ml) and heated 
at 70 °C for 15 minutes.
FAMEs and alcohols/sterols (as TMS ethers) were separated at the compound 
level using gas chromatography. Samples were directly injected (1 pi, cool-on-column) 
onto a 30 m x 0.32 mm i.d. DB-5 fused silica capillary column (J&W Scientific), 
followed by flame ionization detection. The carrier gas was helium with a flow rate of 1.5 
ml min' 1 for FAMEs and 2.3 ml min-1 for sterols. Sample injection temperature was 60 
°C followed by a fast ramp (30 °C min*1) to 110 °C (FAMEs) or 170 °C (sterols). 
Following injection, temperatures were increased at 3 °C min*1 to 280 °C and held for 7
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minutes (FAMEs) or at 3 °C min*1 to 225 °C followed by a final ramp at 2 °C min*1 to 310 
°C and held for five minutes (alcohols/sterols). Individual FAMEs and alcohols/sterols 
were quantified against internal standards (methyl heneicosanoate and 5a-cholestane, 
respectively). Compound identifications were confirmed by gas chromatography mass 
spectrometry (Hewlett-Packard 6890 Gas Chromotagraph-Mass Selective Detector). GC 
conditions were as stated above; the MSD ran at 70eV and spectra were acquired over the 
50-550 a.m.u. range.
Calculation o f rate constants
Apparent rate constants were calculated for TOC, TN, total lipid extract (TLE), 
total fatty acids (TFA), total alcohols (Talc), total sterols (Tstrl), and source specific lipid 
biomarker groupings (diatom fatty acids and sterols, higher plant fatty acids, plant sterols, 
dinosterol, and cholestanol). Sediments primarily below the surface mixed layer were 
used to calculate apparent rate constants (29-54 cm at POD and 17-64 cm at LY). Rate 
constants (k’) were calculated using the following equation (Berner, 1980; Canuel & 
Martens, 1996):
where C, and Cto are the concentrations (pg (or mg) g' 1 dry weight) o f carbon, nitrogen,
or lipid at the base of the sediment parcel (time t) and at the top of the sediment parcel 
(time to), respectively. Errors in Cr, Ch and t were propagated based upon sampling 
variability assessed in a comparison of concentrations associated with surface grab
derived accumulation rates (Chapter 3), respectively. Rate constants were only 
calculated in sediments where 210Pb was detectable. Between-site differences were only 
affirmed when the ranges associated with the calculated k’ values did not overlap.
samples (March 2000) and the standard error associated with calculating the 2I0Pb-
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Statistical treatment o f data
Between site differences were assessed with t-tests using Microsoft Excel when 
appropriate; differences were assumed to be significant when p<0.05. When n was not 
great enough, differences among study sites or compound classes were affirmed only 
when the ranges (mean ± s.e.) did not overlap. When possible, sampling variability was 
incorporated into the errors associated with sample concentrations using the results 
obtained from the grab samples (Chapter 4).
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RESULTS
Sediment Geochronology
In order to compare the effects o f  depositional regime on concentrations of bulk 
organic and lipid biomarker parameters, it was necessary to constrain the sediment ages, 
accumulation rates, and mixing regimes at the two study sites. Details of these 
parameters are presented in Chapter 3. Briefly, the upper 13 cm at LY exhibit mixing 
consistent with bioturbation. Below this zone, 210Pb accumulation rates approach 0.69 ± 
0.09 cm yr'1, which is a maximum rate due to mixing o f210Pb into deeper sediments 
through bioturbation. At POD, the mixed zone at the surface extends to 37 cm. Below 
this, sediment accumulation rates are estimated at 0.39 ± 0.10 cm yr*1.
Using I37Cs, the year 1963 (maximum emissions from nuclear weapons testing) 
was estimated to occur at 54 cm at LY and 40 cm at POD. Finer dating of sediment 
deposited post-1963 was not reliable, especially at POD, because of the sediment mixing. 
Comparison o f lipid biomarker compounds was thus limited to comparing sections of the 
core representing the following three ages: <5 years (0-2 cm), <40 years (post-1963), 
and >150 years (pre-industrial, >150 cm). The latter time frame was estimated based 
upon distributions of total pollutant polycyclic aromatic hydrocarbons (PAH) generated 
primarily from fossil fuel combustion (see Chapter 3). Background PAH levels, 
presumably pre-industrial, are reached at different points in the two cores; thus, ages at 
POD at 150 cm and deeper may in fact be much older than those at the corresponding 
depths at LY. This is hypothesized to be due primarily to a large-scale erosion event at 
POD. Surface grab samples (<0.5 cm) are expected to represent time scales less than one 
year.
Bulk Organic Parameters
Total organic carbon profiles are similar at POD and LY (Figure 3a), with the 
biggest between-site differences at 9 cm (0.75 %TOC), 74 cm (0.4 %TOC), and 230 cm 
(0.55 %TOC). Both sites exhibit surface maxima in the upper 10 cm and then decrease to 
minimum levels o f about 1 %. Concentrations at POD are more variable in the upper 35 
cm than at LY due to the episodic depositional events that appear to reset the profiles at 9
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cm and 29 cm. While TOC concentrations are slightly higher at POD in the upper 10 cm, 
they remain about 4 mg g'1 lower than LY between 50 and 100 cm, before becoming 
higher again below 170 cm.
Total nitrogen profiles exhibit similar profiles with maxima in the surface 
sediments and a steady decrease to background levels at 70 cm (Figure 3b). Differences 
between the two sites are 0.2 %TN or less in the upper 30 cm and below 200 cm. 
Deviations in the middle of the core are more dramatic than those of carbon, with 
maximum differences of about 0.6 %TN between 50-100 cm. Concentrations of TN at 
POD fall off to lower levels than at LY; thus, the rate of nitrogen decrease in the upper 50 
cm is steeper at POD than LY. Although C/N ratios are virtually constant within each 
core there is a constant offset between cores (mean ± s.d. C/N ratios are 12.8 ± 0.9 at 
POD and 9.8 ± 0.4 at LY).
8l3C values are relatively constant with depth at POD and LY, especially below 
10 cm (Figure 4). The POD profile exhibits an abrupt enrichment in 8 13C from -23.1 to 
-22.4 between 7 and 13 cm but remains constant below ~15 cm (-22.7 ± 0.2). This is the 
same point in the core where there is also an offset in the TOC profile (see above). The 
average 8 13C at LY (-21.0 ± 0.2) is more enriched in 13C than at POD. In contrast to the 
constant carbon isotopic signatures within each core, the downcore nitrogen isotope 
profiles are variable at both sites, with LY always more enriched in I5N than POD. At 
LY, 8 l5N values steadily decrease at the same rate from a maximum of 7.8 %o at 33 cm 
to 6 %o at 191 cm. POD exhibits a much sharper decline in 8 I5N from 6.6 to 4.6 %> 
between 35-79 cm. Below this depth, values are more constant, with a gradual increase 
back up to 5.5 %o at 250 cm.
Seasonal Variability in Lipid Biomarker Compounds
Several groups of lipid biomarker compounds were analyzed to assess the sources 
organic matter associated with sediments deposited in the lower and mid-regions of the 
York River. Recent reviews of common lipid source assignments can be found in 
Zimmerman and Canuel (2001), Shi et al (2001), and Volkman et al., 1998. In our study, 
we broadly assessed organic matter contributions to each site by distinguishing between 
algae, vascular plants (terrestrial), and microbial biomass using specific compounds
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and/or groupings o f  fatty acids and sterols. Within the sterols, we used biomarkers to 
further differentiate between microalgae of dinoflagellate and diatom origins.
The following groups o f fatty acids were examined: algal (primarily diatom) fatty 
acids (14:0, 16:lo)7, and 20:5<o3), bacterial (primarily sulfate reducing) fatty acids (iso- 
and anteiso-branched 15:0 and 17:0 compounds), and higher plant fatty acids (even- 
numbered long-chain fatty acids > nC22).
Biomarker concentrations in surface sediments (<0.5 cm) were highly variable in 
space and time (1996-1997 surface sediments, Tables 1-2; 2000 grab samples, Tables 3- 
4). Concentrations (pg mgTOC'1) of diatom and bacterial fatty acids in surficial 
sediments were highest in the lower York (LY) in April 1996 (Figure 5a and 5b). 
Concentrations were considerably lower at other times of the year. POD exhibited lower 
concentrations of diatom and bacterial fatty acids than LY at all times of the year (Figure 
5a,b). Higher plant fatty acids were essentially the same at both sites during all times of 
the year (Figure 5c). In contrast to the diatom and bacterial fatty acids, higher plant fatty 
acids do not follow any noticeable seasonal trend. At both study sites, diatom fatty acids 
were 3-10 times higher than bacterial or higher plant fatty acids throughout the sampling 
period.
The POD site and another lower York site (LY; -10  km up the river from the 
mouth) were revisited in March of 2000 for comparison with the sediment grabs and 
cores collected in 1996-1997 and 1999, respectively, and to assess spatial variability in 
sampling within each site (Tables 3,4). Diatom and bacterial fatty acids in the March 
2000 samples were present in similar concentrations as the previous samplings, with the 
exception of the April 1996 sampling (Figure 5a,b). Both diatom and bacterial fatty acid 
concentrations were higher at LY than POD in March 2000 (p<0.05, Figure 5). Higher 
plant fatty acids, while not different between the two sites, are up to four times higher 
during this sampling period than the previous samplings in 1996-1997 (Figure 5c).
Several groups of sterol compounds were also selected to assess between-site 
differences in organic matter sources (Figure 6): a dinoflagellate sterol (4a,23,24- 
trimethylcholest-22-en-3p-ol; dinosterol), diatom sterols (28-methylcholesta-5,22-dien-3- 
p-ol and 28-methylcholesta-5,24(28)-dien-3-P-ol), and two “plant” sterols (24-
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ethylcholesta-5,22-dien-3P-ol and 24-ethylcholest-5-en-3P-ol), generally ascribed to 
higher plant sources but also synthesized by some phytoplankton (Volkman, 1986).
The final parameters quantified for the surface sediment study were four 
stanol/stenol ratios (Figure 7), used to assess microbial transformation of stenols to 
stanols and the implied extent o f suboxic organic matter alteration (Taylor et al., 1981; 
Wakeham, 1989). For the four ratios examined, POD exhibits higher stanol/stenol ratios 
for most of the 1996-1997 seasonal samplings with no seasonal trend apparent. 
Stanol/stenol ratios are not significantly different from each other (p<0.05) for the March 
2000 samples, with the exception of 24-ethyl-5a(H)-cholest-3P-ol/24-ethylcholest-5-en- 
3P-ol (Figure 7d).
Downcore profiles of lipid biomarkers
In order to examine the effects of mixing on the degradation of TOC and lipid 
biomarker compounds, downcore profiles of sediments o f similar ages collected from LY 
and POD (see geochronology results above) were compared. The same approach was 
taken with the cores as with the surface sediments, analyzing lipid biomarker compounds 
that represent different sources of organic matter (Tables 3 and 4). Diatom fatty acids, 
bacterial fatty acids, and higher plant fatty acids were compared in sediments <1 yr, <5 
yrs, 6-40 yrs, and >150 yrs of age (Figure 8). Between-site differences were only 
affirmed when concentration ranges about the mean (+/- standard deviation) did not 
overlap.
Concentrations of diatom fatty acids are higher at LY than POD in recently 
deposited sediments (<1 and <5 yrs) and in the oldest sediments (>150 yrs; Figure 8a). 
Bacterial fatty acids are also higher at LY than POD in the youngest (<1 yrs) and oldest 
(>150 yrs) sediments (Figure 8b). Higher plant fatty acids show no differences in 
concentration between the two sites. Concentrations of diatom fatty acids decreased 
approximately exponentially over time, while bacterial and higher plant fatty acids did 
not noticeably decrease over time until >150 yrs ago. In contrast to the autochthonous 
sources of organic carbon, percent contributions of the higher plant fatty acids increase 
with sediment age, but are not different between the two sites (Arzayus, unpub. data).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
88
Three groups of sterol compounds were also examined downcore relative to 
organic carbon content: diatom sterols, zooplankton sterol (cholesterol), and “plant” 
sterols (Figure 9). Concentrations of diatom sterols are the same at POD and LY in the 
most recently deposited sediments (deposited <1 yr before sampling) and higher at LY 
for sediments older than 1 yr. Zooplankton sterol concentrations are higher at LY than 
POD for all sediment horizons. The plant sterol concentrations are the same in both LY 
and POD sediments for all age horizons except for the sediments <5 yrs, where 
concentrations at LY are greater than at POD. All three sterol group concentrations show 
the same general trend at both sites with concentrations decreasing approximately 
exponentially downcore. The similar trends among groups further suggest an algal or 
mixed source of plant sterols in both LY and POD sediments.
Rate constants
The rate constants (Table 5) for TOC and TN are five-fold higher at POD than at 
LY. The k’toc at POD is very similar to that measured in Buzzards Bay, which has a 
similar sediment type and accumulation rate (Henrichs, 1992 and references therein). 
Similarly, the k’jLE is higher at POD than LY. Generally, apparent rate constants for 
lipid biomarker subclasses (total fatty acids, alcohols, and sterols) and specific organic 
matter source biomarker groupings showed no differences in between the two sites. Rate 
constants for a few biomarker groupings (diatom and higher plant FA; dinosterol) 
suggested between-site differences but these could not be substantiated due to the higher 
levels of variability associated with the POD site.
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DISCUSSION
Bulk organic carbon and nitrogen
The effects o f depositional environments on degradation are difficult to quantify 
given the non-steady state conditions exhibited in both cores, but especially at POD. 
While we acknowledge the limitations in applying a typical carbon degradation model to 
these cores because o f mixing and the non-steady state depositional conditions (Bemer,
1980), this approach is useful in order to compare the two cores to one standard, 
acknowledging that rates derived from this approach are likely conservative. Average 
organic carbon values in the surface grab samples collected in March 2000 are similar 
(p>0.05). Based on these results, and for modeling purposes, we assume that inputs of 
carbon have not differed between the two sites, at least over the last several decades.
Figure 10 shows the Middelburg carbon degradation model (Middelburg, 1989) 
applied to both the POD and LY TOC profiles. The Middelburg model represents the 
carbon profile at LY well, where changes over time are due to diagenesis and inputs have 
approximated steady state. The model over predicts TOC in the surface sediments where 
bioturbation has the greatest impact. At POD, the model under predicts periodic spikes in 
the upper section of the core (<30 cm or -30-40 yrs before present, based on 137Cs 
horizon) and values at the base of the core (>120 cm or -375 yrs before present, based on 
2I0Pb). In contrast to deltaic environments that undergo more constant vigorous mixing, 
mixing events in the York River are episodic as evidenced by the discrete packages of 
sediment documented in the x-radiographs (Chapter 3). The observed spikes in the POD 
core may correspond to large-scale depositional and/or erosional events, such as 
hurricanes or storms, but it is difficult to discern this without more accurate dating of the 
sediment deposited since 1963. One meter o f sediment was eroded immediately 
following Hurricane Floyd (September 1999) and redeposited in late October along the 
main channel of the York River (Kniskem, 2001). This was interpreted as an 
equilibrium response like that seen in the Rappahannock River after Hurricane Agnes 
(Nichols, 1977).
Several storm events affected southeastern VA between 1969 and 1972 and again 
in 1992. In particular, tropical storm Camille in 1969 resulted in severe flooding of the
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nearby James River as well as landslides (National Hurricane Center Archives, 
http://www.nhc.noaa. gov/). This may have corresponded to the carbon spike occurring at 
30 cm depth or 46 years before present (Figure 3a). In 1992, tropical storm Danielle 
originated in the western Atlantic and moved directly up the Delmarva Peninsula. The 
highest sustained wind was reported at the mouth of the Chesapeake Bay (Cape Charles) 
and may have resulted in strong storm surges in the York River since the highest storm 
surge was 5.4 feet above normal at Cape Hatteras (National Hurricane Center Archives, 
http://www.nhc.noaa.gov/). Danielle may explain the carbon spike at 9 cm (13 yrs before 
present, Figure 4a) in the core.
Total nitrogen profiles are similar at both sites near the surface, although 
differences between cores are more pronounced with depth (Figure 3b). The slow and 
steady decline at LY is typical of diagenetic profiles in undisturbed sediments, decreasing 
exponentially with time as a result of diagenesis (Bemer, 1980). The rapid attenuation 
between 30 and 50 cm in the POD core suggests that more rapid diagenesis (or other 
removal mechanism) of total nitrogen is occurring at this site. Fluctuating redox regimes 
(Aller, 1994), longer exposure to oxygen (Hartnett et a i, 1998) via replenished 
porewaters, and/or a more labile source(s) of nitrogen may result in enhanced 
degradation. Although redox conditions were not measured seasonally, Eh values were 
positive at the time of sampling at POD while they were negative at LY through most of 
the core (Chapter 3). Positive Eh values have generally been found at POD during other 
samplings as well (Hinchey and Schafiher, in prep). The episodic mixing at POD likely 
reintroduces oxygen and other electron acceptors to the porewaters and removes 
metabolites, allowing organic matter to degrade by aerobic and/or suboxic processes for 
longer time periods.
Alternatively, differences between the nitrogen profiles at POD and LY (between 
30 and 50 cm) may also be attributed to differences in organic matter source. This was 
further examined using C:N ratios, stable isotopic ratios, and the lipid biomarker 
composition in surface sediments at each site (see below). The decrease in nitrogen also 
corresponds to a similarly rapid decrease in total pollutant PAHs (Chapter 3), which was 
attributed to a large-scale erosional event that removed approximately 100 cm of 
sediment.
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C/N profiles are remarkably consistent with time at each site (Figure 3c). The 
constancy within each site suggests that differences in source are responsible for the 
offset observed at both sites. Average C/N ratios (9.8 ± 0.4 at LY vs. 12.8 ± 0.9 at POD) 
suggest that sources of organic matter are dominated by plankton at the two sites 
(Meyers, 1994), with a slightly higher contribution o f  reworked or higher plant derived 
carbon at POD. Alternatively, depositional conditions at POD may result in enhanced 
diagenesis within the upper 1 m of sediment, and biological and physical mixing 
conditions may effectively homogenize the C/N ratios. Rate constants for TOC and TN 
indicate faster degradation/removal at POD than LY (Table 5). Thus, the differences in 
C/N between POD and LY may in fact be due both to enhanced removal processes as 
well as source differences at POD.
We used lipid biomarkers and stable isotopes to more accurately differentiate 
enhanced diagenesis from distinct organic matter sources at the two study sites. 5 13C 
values are useful bulk source indicators due to their stability and reported lack of 
fractionation as a result of diagenetic processes (Meyers, 1994). However, as isotopically 
enriched algal material is preferentially utilized over isotopically depleted terrestrial 
material, the isotopic signal of the remaining material can become slightly more depleted 
by l-2%o (Benner et a l,  1987; Fenton & Ritz, 1988). As protein and carbohydrate 
materials are remineralized preferentially, the remaining material enriched in lipid and 
lignin fractions becomes isotopically depleted.
The relative constancy in the 8I3C profiles throughout much of the two cores
(Figure 4a) suggests that sources of organic carbon have not changed over the time
periods represented by each core. In order to explain the offset between the two cores,
we derived a linear mixing model (conservative) o f marine and terrestrial end members
and compared our results to the model:
813Cx = fresh* * 8I3Cfresh + marx * 8 l3Cmar,
where x is the study site (POD or LY), fresh* is the fraction of freshwater at site x based 
on the freshwater salinity end member, mar* is the fraction of saltwater based on the 
marine end member salinity, and 813Cfr„h and 5l3Cmar are the stable carbon isotope values
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at the freshwater and marine endmembers, respectively. For the model end members, we 
used average seasonal salinity and 813C values for suspended particulate organic matter 
(POM) collected during a recent study on the York River (Countway, 1999): salinity = 
18.9 psu (river mouth), 2.1 psu (Pamunkey River discharge at the head of the York 
River); 8UC= -24.5%o (river mouth), -28.0 l%o (Pamunkey). From the same data set, 
salinity values were used to approximate POD and LY salinities at IS.4 psu and 17.4 psu, 
respectively. Concservative salinity mixing calculations suggest that POD receives 21% 
freshwater/terrestrial inputs (freshpoo) and LY receives 9% freshwater/terrestrial inputs 
( f r e s t i L Y ) -  Corresponding carbon isotopic values at LY and POD should be 24.8%o and 
25.2%o, respectively, compared to actual values o f -21.0%o and -22.7%o.
Sediment enrichments with respect to the model as well as to particles in the 
water column 1 meter above the seabed (Countway, 1999) are suggestive of in situ 
marine production of rapidly settling organic matter and/or landward intrusion of marine- 
derived organic matter from Chesapeake Bay. The latter is consistent with suspended 
sediment concentrations in the York River, which show consistent landward tidally- 
averaged near-bed sediment flux, even when flood and ebb currents are equal and tidal 
residual currents are zero or slightly seaward (Friederichs et al., 2000).
8 l5N signatures are far more sensitive to in situ processing and reworking of 
organic material both in the water column and in the sediments (Figure 4b). Some factors 
in addition to source are nitrogen limitations to primary productivity (Nakatsuka et al., 
1992) and processes such as enhanced nitrification-detrification (Eadie et al., 1994;
Hodell & Schelske, 1998). The steady increase observed at LY between 200 and 30 cm 
is most likely due to increased nutrient loading associated with the growing 
anthropogenic development of the coastal zone (Zimmerman & Canuel, 2002). Further 
evidence for a large-scale erosional event at POD is exhibited in the 8l5N profiles, as the 
gradual decrease at LY (between 30-200 cm) is collapsed into the rapid decrease at POD 
that occurs between 50-80 cm at POD. Removing 100 cm at LY would result in a 
similarly collapsed profile.
The sediments are sufficiently mixed in the upper 30 cm at both POD and LY that 
further delineation of processes cannot be discerned, although isotopic values appear to 
have remained unchanged in the last 40 years. Thus, sources of total organic matter
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appear to be similar at the two sites, tracking each other through time, although there is a 
constant offset. These bulk analyses cannot unambiguously differentiate between in situ 
microbial processing or varying inputs as the dominant mechanism driving the distinct 
C/N ratios and their isotopic signatures.
Organic matter inputs to York River sediments
In order to examine the effects of mixing on in situ organic matter processing (i.e. 
diagenesis), we utilized lipid biomarker analyses of surface sediments to identify the 
organic matter sources delivered to each study site and to document that downcore 
changes were due to the different depositional environments rather than differences in 
carbon sources/reactivity. We compared the surface grab samples that were collected 
from both regions of the river during 1996-1997, as well as the grabs collected from each 
specific site in March 2000.
Like the §l3C results, both the fatty acid and sterol biomarker data suggest that the 
lower York R. is dominated by higher autochthonous (algal and microbial) inputs 
compared to the POD site further upriver (Figures 5 and 6). Bacterial inputs track diatom 
inputs at LY (r2=0.89> more tightly than at POD (^=0.54), perhaps suggesting a tighter 
benthic-pelagic coupling or the availability of more labile organic matter, which is 
supported by our observations of higher concentrations of algal biomarkers at LY than 
POD. These contrasting relationships are also influenced by our choice of biomarkers. 
The fatty acids chosen to represent bacterial biomass are more typically representative of 
sulfate reducers (Parkes & Taylor, 1983), although not all sulfate reducing bacteria have 
iso- and anteiso-fatty acids (Kaneda, 1991). Sulfate reducers would likely be more 
prevalent at LY than POD, as observed by the persistent reducing conditions and 
increased salinity (i.e. greater availability of sulfate).
Another ambiguity in choice of biomarkers is apparent when comparing the 
seasonal and downcore trends in “plant” sterols vs. higher plant fatty acids. In the 
surface sediments, “plant” sterol trends are comparable to the diatom sterols, while higher 
plant fatty acids exhibit complementary or even independent trends compared to the 
diatom fatty acids. 24-ethylcholest-5-en-3(3-ol, while traditionally identified as a source 
for terrestrial plant material, is also synthesized by some phytoplankton (Volkman, 1986)
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as well as seagrasses and cyanobacteria (Canuel & Martens, 1996). Algal monocultures 
o f T. weissflogii and C. capsulata, commonly found in Chesapeake Bay, have also been 
shown to contain this compound (Zimmerman & Canuel, 2001). Thus, the “plant” sterols 
identified in this study most likely represent both algal and terrestrial sources.
Despite the proximity o f POD to upriver sources of terrestrial components, 
absolute concentrations o f higher plant biomarkers are similar at both sites at most times 
of the year (Figures 5c and 6c). However, higher stanol/stenol ratios (Figure 7), more 
depleted 813Ctoc values, and higher C/N ratios (Figure 3c) indicate that carbon is more 
degraded and has a greater terrestrial fraction at POD than at LY. Transformations of 
stenols to stanols may be further enhanced at oxic-anoxic interfaces where organic matter 
undergoes intensive alteration (Wakeham, 1989). This interface may be more transient 
and episodic at POD, thus contributing to a dynamic OM recycling environment. Stanol- 
stenol conversions are also more likely to occur under suboxic conditions (Taylor et al.,
1981), which may be more prevalent just below the sediment-water interface at POD vs. 
more anoxic conditions at LY.
In summary, while autochthonous sources dominate organic matter composition 
at both sites, there is a higher contribution at LY than POD. Both the C/N ratios and the 
stable isotope data show consistent offsets between POD and LY, supporting this 
observation, although the offset is within the range of that induced by remineralization. 
Thus, overall organic matter reactivity should be similar although LY may have more 
labile material available for degradation. Despite this, the extent of organic matter 
transformation of freshly deposited organic matter is greater at POD than LY (based upon 
the stanol/stenol ratios and apparent rate constants for TOC and TN), suggesting that 
dynamic oxic/anoxic interfaces, suboxic conditions, and depositional regime are 
important factors controlling the degradation and preservation o f organic matter.
Effects o f  depositional environment on long-term storage of organic carbon
Upon documenting the inputs of organic matter to the surface sediments at each 
site, it was then possible to assess the effects o f depositional regime on organic carbon 
fate over time-scales o f  decades to centuries. Apparent rate constants (k’loc and k’tN) 
and stanol/stenol ratios suggest that organic matter may degrade more rapidly at POD
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than LY. However, not all components of organic carbon are degraded equally. The 
lipid concentration data, when normalized to TOC (Figures 8 and 9), show changes over 
time due to the enhanced reactivity o f lipid compounds compared to the bulk organic 
matter (Figures 8,9). Indeed, even within the lipids, subclasses exhibit varying degrees 
of reactivity, as noted in earlier studies (Canuel & Martens, 1996; Haddad et al., 1992; 
Sun & Wakeham, 1994).
In this study, we used two approaches to compare the effects o f  biological (LY) 
vs. physical (POD) mixing on bulk organic carbon fate, as well as on total lipid and lipid 
biomarker fate. In one approach, we include the dynamic mixing zones (see Chapter 3; ~ 
upper 20-30 cm) in our comparison of concentration change over time (Figures 8, 9). In 
another approach, we calculated apparent rate constants for the various lipid compound 
classes and biomarker compounds. The latter is the more conservative approach, as it 
does not consider degradation within the surface mixed layers at POD or LY where 
degradation most surely occurs. These surface horizons likely play an important role in 
early diagenesis of organic matter (Aller & Aller, 1998).
By comparing the changes in concentration among the surface grab samples (<1 
yr old), surface sediments (<5 yrs old), the mid-portions of the core (<40 yrs old), and the 
deeper sections of the core (>150 yrs old), the differences in lipid fate were observed as a 
function of depositional regime, compound classes, and organic matter source (Figures 8 
and 9). For diatom fatty acids, carbon normalized concentrations decrease soon after 
deposition (grab samples; <1 yrs vs. surface sediments <5 yrs) by a factor of 3.3 at POD 
vs. 1.7 at LY. For diatom sterols, concentration changes similarly by a factor of 3.2 at 
POD vs. 1.4 at LY. In both cases, depositional regime contributes more than compound 
class to the reactivity and fate of diatom-derived compounds. In sediments between <5 
yrs and 40 yrs old, concentrations of diatom fatty acids decrease by a factor of 2.8 at 
POD and 2.3 at LY. For the diatom sterols, concentrations within these horizons change 
by a factor o f 1.9 at POD and 2 at LY. In these deeper sediments, the effects of 
depositional regime are less important and inherent compound class reactivity dominates, 
since between-site differences are negligible, but the magnitude of change in the fatty 
acid concentrations is higher than that for the sterols.
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Using the more conservative approach, apparent rate constants calculated for the 
lipid biomarker classes were used to further quantify the long-term effects o f different 
depositional conditions on organic matter removal at POD vs. LY. These calculations do 
not include the most dynamically mixed portions of the core (the upper 30 cm at POD 
and the upper 17 cm at LY). Below these horizons, we found that total lipid extract 
degraded faster at POD than LY (Table 5). In contrast, rate constants for more specific 
biomarker groupings are similar at both sites, regardless o f subclass. In part, this may be 
due to the higher levels of variability at POD that made it difficult to substantiate 
between-site differences. Once sediments are removed from the dynamic mixing zones, 
depositional regime continues to play an important role in the degradation of bulk organic 
carbon (TOC) and total lipid extract (TLE), but not in the removal of specific source- 
derived organic matter. This suggests that lipids no longer represent the reactivity of the 
TOC and that other classes o f carbon (e.g. lignins, humics) may better represent 
sedimentary organic matter.
Source is also important as can be seen by comparing diatom and higher plant 
biomarker compounds. While diatom fatty acids degrade upon deposition to surface 
sediments (note differences between <1 yr. and <5 yrs parcels) at both POD and LY (3.3 
and 1.7, respectively), higher plant fatty acids do not change over the same time frame at 
either site (Figure 8). Diatom sterols also degrade noticeably over the same time frame 
(<1 yr. vs. <5 years) at both POD and LY (3.2 and 1.4, respectively); but where plant 
sterols do not change at LY, they do decrease at POD by a factor of 1.6, which is half the 
magnitude of the change in diatom sterols at POD. Hence, plant-derived material, 
regardless of compound class, degrades slower (in the case o f plant sterols at POD) or not 
at all (in the case of the higher plant fatty acids at both sites and plant sterols at LY) 
compared to diatom-derived material within five years of deposition.
Similar results are found when comparing the concentrations o f surface sediments 
with older sediments deposited within the last 40 years, where there is: 1) no noticeable 
change in concentration of higher plant fatty acids at either site, 2) no noticeable change 
in concentration of plant sterols at LY, and 3) slower net degradation of plant sterols than 
diatom sterols at POD (Figures 8 and 9). Apparent rate constants for diatom FAs were 
also higher than for higher plant FAs at LY while there were no differences in rate
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constants calculated for diatom and plant sterols at either site (Table 5). The rate constant 
results are consistent with those obtained for sediments collected from Cape Lookout 
Bight, where source was a more important factor in degradation rates of fatty acids than 
in removal rates of sterols and n-alkanes (Canuel & Martens, 1996). The time frame over 
which net degradation rates are calculated appears to be very important even when 
comparing sediments deposited with 6 months (Canuel and Martens, 1996) versus 
sediments deposited within 5 years (this study).
The two approaches for comparing degradation of bulk and more discrete portions 
of organic matter (i.e. lipids and lipid biomarkers) yield results that are very dependent 
upon the inclusion (or not) o f the surface sediment mixed layer (upper 20 cm at LY and 
upper 30 cm at POD). Within the surface mixed layer zone, the depositional regime 
(physical vs. biological mixing), the source of the organic matter, and the lipid compound 
class (sterols vs. fatty acids) are all important factors affecting the degradation o f organic 
matter. Below the mixed layers, between-site differences in degradation may be 
attributed to differences in organic matter source (e.g., apparent rate constants for diatom 
FAs were higher than plant FAs) and compound class (e.g., apparent rate constants for 
diatom FA were higher than for diatom sterols at LY). While mixing regime seemed to 
impact apparent rate constants for TOC and TN, it appeared to have less impact on 
degradation of lipids below the surface sediment mixed layer. This could be due to the 
loss o f reactive lipids within the surface mixed layer or effects may have been masked by 
the levels of variability, particularly at POD.
Our rate constant results contrast with those o f a recent laboratory study 
examining the fate of isotopically labeled algal cells in mesocosms that experienced 
bioturbation, episodic physical mixing of the upper 5 cm of the sediments, and no mixing 
(Sun et al., 2002b). The loss of algal lipids over a period of one month was monitored in 
the upper 15 cm of sediment. The authors found that slower degradation was observed 
under episodic physical mixing than under bioturbation or no mixing due to rapid burial 
and removal from the oxygenated sediments. The contrasting conclusions are most likely 
because of the differences in time horizons examined within the sediments and/or the 
“open” vs. “closed conditions of a field vs. lab experiment. In our study, POD exhibits 
physical mixing to depths an order of magnitude higher than in the controlled laboratory
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study and rapid burial below the upper 30 cm would be less likely to occur. Both studies 
demonstrate that depositional regime, particularly the depth o f mixing, is an important 
factor controlling the degradation and preservation o f  organic carbon.
Implications of apparent rate constants: degradation or removal?
Apparent rate constants for TOC, TN and TLE are higher at POD than LY, 
implying enhanced removal. This could occur via microbial transformation to 
compounds outside our analytical window, incorporation into microbial biomass or 
remineralization to carbon dioxide. Carbon normalized concentrations of bacterial 
markers are higher throughout the LY core, suggesting that more algal material is 
incorporated into microbial biomass at LY than at POD, although turnover of bacterial 
biomass may be higher at POD than LY (Sun et al., 2002a). This is consistent with 
higher abundances of labile organic matter at LY as indicated by the more enriched 
5 i3C to c  values, lower C/N ratios and higher concentrations o f diatom-derived lipid. 
However, given the oxic or suboxic conditions at POD, incorporation of lipid material 
into the biomass of sulfate reducing bacteria is also not likely, although incorporation into 
other heterotrophic organisms cannot be ruled out (Wakeham, 1995). Alternatively, 
organic carbon may be more completely remineralized at POD than LY. The York River 
is net heterotrophic and a source of carbon dioxide to the atmosphere (Raymond et al., 
2000), but exhibits spatial variability such that pC02 in surface waters is higher at low 
salinities, supporting this hypothesis.
An additional pathway for “degraded” compounds may instead be incorporation 
into sediment or macromolecular matrices as so-called bound phases (Goossens et al., 
1989; Wakeham, 1999). It is interesting to note that while apparent rate constants for 
total fatty acids, sterols and alcohols indicate removal at LY, the rate constants for total 
lipid show slow rates o f loss. Thus, removal of lipids may not be associated with 
degradation but instead, with transformation. This is in contrast to a similar proposed 
mechanism of carbon preservation that originates in the water column and protects 
carbon from degradation, regardless of organic matter source or environmental regime 
(Hedges et al., 2001). However, the latter mechanism may explain why the higher plant 
fatty acids are not preferentially removed at one site vs. the other and why these
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components are selectively preserved. The mechanisms of these proposed associations 
need further investigation and will be explored in a subsequent study.
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Table 1
Total organic cartoon (mg g'1). liptd compound class totals and sterol btomarfcer compound concentrations (ng g'1 dry sediment) In POD and LY seasonal surface sediments 
TOC Tolaltatty acids Total sterols  Diatom sterols*  dinoflagellate sterol*  Plant sterols*_____
Study Oate
site sampled ' m9fl * 28a522 28a524(28) 30a22 29A5”  29a5
POD
Apr-96 16.7 179.60 25.09 1.47 2.41 3.51 1.24 2.59
Jun-96 17.4 107.56 34.02 2.93 2.63 2.92 2.37 4.50
Oct-96 23.6 78.68 28.42 1.66 1.32 2.67 1.84 4.31
Mar-96 23.5 87.93 25.57 1.15 1.85 2.65 1.23 2.76
Apr-96 26.5 660.80 131.76 14.89 21.82 9.32 7.40 13.74
Jun-96 20.3 167.10 74.67 7.03 13.63 3.55 4.55 8.88
Oct-96 23.0 151.75 37.24 2.99 2.72 3.16 2.45 5.28
Mar-96 18.1 194.51 53.30 7.78 4.51 2.33 3.45 5.04
*Sterol nomenclature: Bax'y designation where B Is the number of carbon atoms and X,Y are the double bond position(s).
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Table 2
Fatty acid biomarker compound concentrations (ng g 1 dry sediment) In POD and LY surface sediments
Study Date Diatom fatty acids* Bacterial fatty acidsb Higher plant fatty acids•
site sampled 14:0 16:1w7 20:5b)3 i15 a15 i17 a17 22:0 24:0 26:0 28.0 30:0
POD
Apr-96 13.9 20.85 0.01 3.91 5.35 1.20 1.10 1.32 1.78 2.59 1.25 0.91
Jun-96 4.7 14.62 0.00 3.40 4.73 1.27 1.38 1.21 1.23 4.50 0.72 0.48
Oct-96 4.7 10.68 0.00 2.91 2.91 0.77 0.83 1.31 2.26 4.31 1.29 0.81
Mar-96 3.7 11.90 0.00 2.28 2.40 0.62 0.74 2.02 3.66 2.76 2.68 2.03
LY
Apr-96 72.81 217.33 6.60 8.03 11.11 3.12 14.74 2.92 2.57 NDC ND ND
Jun-96 9.02 39.28 1.02 4.66 7.09 1.64 6.49 2.05 3.14 ND ND ND
Oct-96 10.19 26.43 4.39 5.20 9.40 1.30 1.57 1.82 3.54 1.88 ND ND
Mar-96 9.94 39.94 5.28 3.32 5.64 1.76 1.60 2.13 1.56 ND ND ND
‘Fatty acid nomenclature: A:B&>C designation where A is the number of carbon atoms, B is the number of double 
bonds, and C is the double bond position from the aliphatic (u>) end of the molecule.
bi=/so, in which the branched methyl group on the fatty acid is at the w-1 position, a=anteiso, in which the methyl 
group is at the w-2 position. 
cND=not detected
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Table 3
Lipid compound class totals and sterol blomarker compound concentrations (ng g'1 dry sediment) In Box and Hasten cores collected from POP and LY
Depth*
l£™L
time window Total fatty acids Total sterols Diatom sterols
28An r 28AT5W
Zooplankton sterol Plant sterols
27a' 29A 29A
POD 
grab 1 
grab 2 
grab 3 
BC 0-2 
BC 4-6 
BC 6-8 
BC 8-10 
BC 10-12 
BC 16-18 
KC 20-22 
KC 28-30 
KC32-34 
KC 34-36 
KC 36-38 
KC 40-42 
KC 170-172 
KC 190-192 
KC 250-252
<1 yr
i
<5 yrs 
6-40 yrs
>150 yrs
I
156.65
215.39
282.39
103.65 
89.92 
79.45 
67.96 
75.99 
68.90 
25.82 
45.40 
24.95 
26.88 
22.43 
17.60
9.94
16.19
17.22
73.03
66.97
65.90
40.16 
50.10
32.17 
32.96 
36.76
30.06 
10.43 
25.79 
15.22
15.07 
13.02 
10.28
5.12
7.39
6.89
5.29
4.91
5.78
1.70
1.99
1.23
1.02
1.34
1.14
0.36
0.72
0.45
0.47
0.42
0.30
0.22
0.33
0.25
5.11
5.88
7.19
2.04
2.13
1.50
1.53
1.84
1.56
0.52
1.08
0.59
0.63
0.51
0.37
0.18
0.29
0.23
10.01
9.41
10.16
2.97
2.85
1.71
2.24
2.15
1.69
0.55
1.28
0.75
0.79
0.72
0.54
0.28
0.41
0.35
4.50
4.12
4.12 
2.61
2.87
1.87 
2.09 
2.27 
1.73 
0.65 
1.44 
0.93 
0.83 
0.77 
0.51 
0.30 
0.46 
0.45
9.60 
8.30 
8.15 
5.89 
7.04 
4.34 
4.96 
5.20 
4.14
2.07 
5.43 
2.79
2.60 
2.17 
2.54
1.07 
1.56 
1.59
LY
grab 1 
grab2 
grab 3 
BC 0-2 
BC 2-4 
BC 6-8 
BC 8-10 
BC 10-12 
BC 12-14 
BC 18-20 
BC 26-28 
KC 16-18 
KC 32-34 
KC 148-150 
KC 190-192
<1 yr
i
<5 yrs 
6-40 yrs
>150 yrs 
▼
302.53
246.42
323.05
195.81
161.97
188.45
122.57
92.06
105.15
72.13
52.80
43.25
35.87
14.79
12.47
80.86
93.98
66.75
69.98 
70.82 
63.74 
55.28 
51.02 
60.58
39.76 
28.11 
37.05
24.77 
8.37 
6.08
7.59
7.53
6.66
5.41
5.41
3.83
2.84 
2.30 
3.28 
2.17 
1.27 
1.55 
1.16 
0.68 
0.47
5.82
6.69 
5.26
4.69 
4.34 
2.95 
2.48 
2.58 
3.32 
2.04 
1.30
1.69 
1.29 
0.48 
0.34
12.79
14.46
11.47 
7.49 
7.29 
5.57 
4.41 
3.92
8.48 
3.33 
2.68 
1.95
1.49 
0.68 
0.53
5.00
5.81
3.82 
4.67 
4.84 
4.79 
4.15 
3.53 
3.87
2.82 
1.78 
2.99 
1.92 
0.51 
0.33
8.51
14.55
7.06
7.30
7.06
7.39 
6.21 
5.26 
5.95
4.30 
3.82
4.40 
2.66 
0.97 
0.77
*grab= grab sample (<0.5 cm) from March 2000; BC= box core, KC= Kasten core from 1999
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Table 5. Apparent rate constants and propagated standard 
error (yr'') for total organic carbon (TOC), total nitrogen (TN), 
total lipid extract (TLE), total fatty adds (TFA), total alcohols 
(Talc), total sterols (Tstrt), and source spedfic lipid
biomarkers at select sediment horizons.
POO (60-129 yrs) ' LY (19-76 yrs)1
At=68 yrs At=58 yrs
total total
TOC3 0.010 (0.007)2 0.002 (0.0002)
TN3 0.010 (0.007) 0.002 (0.0003)
TLE 0.018 (0.009) 0.000(0.0001)
TFA 0.021 (0.013) 0.022 (0.006)
Talc 0.019 (0.010) 0.014 (0.005)
Tstrl 0.023 (0.011) 0.018 (0.005)
diatom FAs 0.026(0.016) 0.039 (0.009)
higher plant FAs 0.016 (0.010) 0.005(0.001)
diatom strts 0.021 (0.011) 0.016 (0.003)
plant strls 0.026 (0.014) 0.019 (0.010)
dinosterol 0.026 (0.014) 0.015(0.003)
cholesterol 0.019(0.010) 0.022 (0.005)
cholestanol 0.024 (0.013) 0.020 (0.006)
1 Rate calculations do not include the most dynamic 
mixing
zones (top of the core) nor sediments where 210Pb was 
undectable (bottom of core).
2 Rate constant ranges in bold do not overlap between 
sites.
3 TOC and TN rate constants were calculated between 76 
and 129 yrs at POO and 21 and 131 yrs at LY.
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Figure 1. Map of study sites in the York River, VA. Closed circles=Kasten cores, open 
circles=box cores, open squares=surface grab samples.
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Figure 2. Daily mean freshwater flow (ft3 s l) from the Mattaponi and Pamunkey Rivers, 
which together drain into the York River (U.S. Geological Survey National Water 
Information System; http://www.usgs.gov/nwis). Sediment sampling times are indicated 
as S=seasonal study, C=box and Kasten core collection, and G=surface grab sample 
collection.
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Figure 3. A) Total organic carbon (TOC), B) Total nitrogen (TN), and C) their atomic 
ratios as percent sediment by weight at POD and LY. Data from Kasten cores collected 
in August and October, 1999, respectively.
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Figure 4. Stable isotopes of A) organic carbon and B) total nitrogen in sediment cores 
from POD and LY.
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Figure 5. Fatty acid biomarkers from surface sediments (<0.5 cm) collected from the 
lower York River and POD. Note the March 2000 sample from the lower York (full 
shading) was further upstream from the earlier sampling periods and corresponds with the 
sampling site where the Kasten cores were collected in 1999. Error bars in March 2000 
represent the standard deviation around the mean concentration from three separate grab 
samples. A) diatom fatty acids, B) bacterial fatty acids, and C) higher plant fatty acids in 
pg g '1 dry weight. Compounds making up each group are identified in Table 2.
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Figure 6. Sterol biomarkers from surface sediments (<0.5 cm) collected from the lower 
York River and POD. A) dinoflagellate sterol, B) diatom sterols, C) zooplankton sterol 
in fig g‘‘ dry weight. Diatom, dinoflagellate, and zooplankton sterols are identified in 
Table 1; see caption to Figure 5 for additional information.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
116
d in o f la g o i la t o  s t e r o l
1.0
0.8
'0 .5  -
□  POD
Apr-96 Jun-96 Oct-96 Mar- Mar- 
97 00
d ia t o m  s t e r o l s
Apr-96 Jun-96 Oct-96 Mar- Mar 
97 00
"plant'* s t e r o l s
2.0
1.8
1.5
Apr-96 Jun-96 Oct-96 Mar-97 Mar-00
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
117
Figure 7. Stanol/stenol ratios in surface sediments (<0.5 cm) collected from the lower 
York River and POD. I: 5a-cholest-22-en-3P-ol, II: cholest-5,22-dien-3P-ol, HI: 5a- 
cholestan-3P-ol, IV: cholest-5-en-3P-ol, V: 24-methylcholest-22-en-3p-ol, VI: 24- 
methylcholest-5,22-dien-3P-ol, IX: 24-ethyl-5a(H)-cholest-3P-ol, X: 24-ethylcholest-5- 
en-3P-ol. See caption to Figure 5 for additional information.
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Figure 8. Fatty acid biomarkers from box and Kasten core samples collected from POD 
and LY in August and October, 1999, respectively. Each catergory represents the 
average of sediment subsections from three different age horizons within the cores (see 
Tables 3 and 4 for sections used at each site); error bars for <1 yr, 6-40 yrs and >150 yrs 
represent the standard deviation around that average. Error bars for the <5 yr horizon 
(n=l) represent the pooled standard deviation of the other age horizons. A) diatom fatty 
acids, B) bacterial fatty acids, C) higher plant fatty acids in ng mg'1 TOC. See Table 2 
for specific fatty acids used in each subgroup.
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Figure 9. Sterol biomarkers from from box and Kasten core samples collected from POD 
and LY in August and October, 1999, respectively. Each category represents the average 
of the surface grabs samples and sediment subsections from three different age horizons 
within the cores (see Tables 3 and 4 for sections used at each site); error bars represent 
the standard deviation around that average. A) diatom sterols, B) zooplankton sterols, C) 
plant sterols in ng mg'1 TOC. See Table 3 for individual sterols used in each subgroup.
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Figure 10. % Total organic carbon at A) POD and B) LY, assuming steady state 
deposition with time before present in years on y-axis. Solid line represents Middelburg 
model (1989) o f bulk organic matter decomposition.
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CHAPTER 5
PAHS AND LIPID BIOMARKER COMPOUNDS ASSOCIATED WITH 
BOUND PHASES IN ESTUARINE SEDIMENTS LOCATED ALONG
AN ENERGY GRADIENT §
§ To be submitted to Environmental Science and Technology and Geochimica et 
Cosmochimica Acta
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ABSTRACT
Organic matter associations with mineral phases and macromolecular materials 
have recently been identified as important mechanisms for carbon preservation in soils 
and sediments. While aspects of these associations have been well characterized, the 
mechanisms of bound residue formation are largely unknown. The objective of this study 
was to determine whether “bound” (base hydrolysable following solvent extraction) 
organic matter is formed pre- or post-depositionally by examining bound lipids and 
polycyclic aromatic hydrocarbons (PAH) in sediment cores collected along a depositional 
energy gradient. Bound lipid biomarker compounds and PAHs were found in recently 
deposited surface sediments (<0.5 cm) at the three study sites, regardless o f depositional 
conditions; most lipid and PAH subclass concentrations and composition remained 
constant downcore. Bound organic compounds comprised ~20% or less of the total 
isolated (solvent extractable + base hydrolysable) compound classes in surface sediments 
and increased to upwards o f 60% in older sediments (>200 years old). Increases in 
%bound fractions result from preferential loss of solvent extractable (SE) phases rather 
than transfer of solvent extractable compounds into bound phases suggesting that bound 
phases are formed prior to or soon after deposition. Compound reactivity within the 
bound phase seemed to reflect organic matter source rather than depositional regime. 
While bound phases appear to be less reactive than extractable phases, organic matter 
stabilization was not constant among the compound classes analyzed. Thus, the 
composition and fate of organic matter associated with bound phases is dependent upon 
organic matter source and compound class reactivity.
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Up to 90% of sedimentary organic carbon is intimately associated with mineral 
matrices; these associations are dependent upon the surface area and mineralogy o f the 
sediment grains, as well as the energy regimes associated with the depositional 
environment (Keil et al., 1994a). While previous research efforts have documented the 
relationships o f organic matter with mineral matrices (Keil et al., 1994b; Mayer, 1994), 
the mechanisms responsible for these associations, and ultimately carbon preservation, 
are less understood (Hedges & Keil, 1995). Tools and techniques for examining organic 
mattenmineral interactions have greatly improved over the years. Yet still, nearly 80% 
o f sedimentary organic matter remains molecularly uncharacterized. The focus of this 
study was to further characterize organic matter remaining following solvent extraction to 
develop a better understanding of carbon associated with mineral and macromolecular 
phases. A goal o f  the study was to examine whether these “bound” phases derive from 
pre-or post-depositional processes by comparing sediments collected along an energy 
gradient, which is likely to reflect differences in sediment microbial communities and 
activities, as well as differing redox conditions. These conditions have been considered 
in studies of the degradation of bulk and extractable compounds in previous studies but 
have not been the focus o f studies aimed at understanding the formation and preservation 
of compounds associated with bound phases in the environment.
Background
Bound residues are generally defined as the organic matter not released with 
traditional solvent extraction techniques. However, bound phases are operationally 
defined by a variety of analytical techniques ranging from saponification to flash 
pyrolysis (Kawamura & Ishiwatari, 1984a; Mendoza et al., 1987), as well as the 
compound class being isolated. For example, methods applied to isolate bound hydroxy 
fatty acids often utilize sequential treatments following solvent extraction (of which there 
are many combinations) but range in number and harshness, as well as isolation 
efficiencies (Mendoza et al., 1987). It is critical when comparing results among studies 
to apply the same analytical methodology.
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It is generally accepted that bound components are preferentially preserved in 
sedimentary phases (Cranwell, 1978; Cranwell, 1981a; Kawamura & Ishiwatari, 1984b). 
Bound residues as studied are covalently bonded to the sediment matrix, as most of the 
isolation techniques (except thermolytic or pyrolytic methods) cleave ester (via 
saponification) or amide (via acid hydrolysis) bonds. However, recent work with the 
PAH pyrene shows that bound pyrene is not covalently associated with the underlying 
mineral phase but instead appears to be associated with humified material associated with 
the sediment (Guthrie et al., 1999; Kohl & Rice, 1998). Thus, when looking at 
distributions of extremely hydrophobic compounds, noncovalent interactions with 
organic material (that may or may not be covalently bonded to the sediment), should also 
be considered when assessing mechanisms of carbon preservation.
Organic compounds are thought to be sequestered into bound residues due to abiotic 
diffusion over time (Northcott & Jones, 2001) or through microbially-mediated reactions 
occurring during diagenesis (Goossens et al., 1989; Guthrie et al., 1999; Wakeham,
1999). However, it is not always clear whether bound phases are formed prior to 
deposition and burial or through the action of sediment microbial communities during 
diagenesis. Hedges et al. (2001) suggested that organic matter is physically protected 
from degradation through its association with mineral components in the water column. 
Organic matter-mineral associations are thought to facilitate the transport of organic 
materials from surface to bottom waters and their subsequent preservation in sediments 
(Armstrong et al., 2002). It has also been proposed that algal material may be converted 
to microbial biomass during early diagenesis, serving as an alternate mechanism for 
carbon preservation (Lee, 1992). Other studies propose that incorporation into bound 
phases requires an oxic environment to support the oxidative pathways of diagenetic 
formation of some bound lipids, thus limiting incorporation into bound phases to the 
water column or surficial sediments (Boon et al., 1977; Cranwell, 198 la). A better 
understanding of the processes leading to the formation o f bound residues and their role 
in the preservation of organic carbon is limited by a poor understanding of the conditions 
under which bound residues form.
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Objectives
In the previous chapter (Chapter 4), depositional regime, compound class 
reactivity and organic matter source were found to be important factors affecting removal 
rates of algal and “plant” biomarker compounds associated with solvent extractable 
phases of marine sediments (box and Kasten cores). However, like most studies, there 
were limitations to our interpretations imposed by the boundaries o f our analytical 
window, in this case, solvent extractable compounds. While downcore decreases in the 
concentration of extractable compounds generally imply degradation, they may also 
result from sequestration into non-extractable, or bound, phases of marine sediments. If 
these components are being sequestered rather than degraded, it is important to 
understand whether associations with the bound phase occur during pre-depositional 
processes (synthesis or water column transformation as well as processes occurring at the 
water-sediment interface) or by post-depositional processes (either abiotic or resulting 
from microbially-mediated early diagenesis). The objective of this study was to examine 
organic compounds ranging in reactivity and associated with bound phases in sediments 
along a depositional energy regime gradient to elucidate whether pre- or post- 
depositional processes lead to the formation of “bound” phases. The composition and 
reactivity o f compounds present in “bound” phases was also examined.
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MATERIALS AND METHODS
Approach and study sites
Sediment samples were sequentially extracted and saponified from one study site 
in Chesapeake Bay (M3) and two sites in the York River subestuary of Chesapeake Bay: 
the lower York (LY) and mid-river (POD; Table I). These three sites represent a 
continuum of depositional regimes ranging from low energy, steady state accumulation at 
M3 to high physical disturbance of the seabed and non-steady state accumulation at POD. 
Sediment accumulation rates and ages at M3 have been described previously 
(Zimmerman & Canuel, 2000). Briefly, M3 is located in the mainstem mesohaline region 
of Chesapeake Bay downstream of the Bay turbidity maximum just south of the mouth of 
the Choptank River (38°34.05’N; 76°26.76’W). Water depth was 15 m at the time of 
sampling (March 1996). Seasonal hypoxia/anoxia is most commonly observed in this 
region of the Bay due to high productivity and advection of organic matter from southern 
reaches o f the Bay. Annual rates of sulfate reduction were found to be 9.62 mol S m'2 yr'
1 in the upper 12 cm o f sediments collected near M3 and sulfate reduction mineralizes a 
substantial fraction of the annual production in this region of the estuary (Marvin- 
DiPasquale & Capone, 1998). Bioturbation and sediment disturbance, in general, is 
minimal at M3 as indicated by x-radiographs showing fine-scale laminations 
(Zimmerman and Canuel, 2000).
The other two study sites, LY and POD, have been described previously (Chapter 
3). Briefly, POD is the shallowest of the three sites (water depth=5 m) and represents a 
high energy depositional regime, dominated by intense, episodic mixing events driven by 
tidal energy focusing (Dellapenna et al., 1998). Sediments are disturbed to 50-100 cm 
depth at POD and seasonal hypoxia/ anoxia does not occur at this site. LY experiences 
intermediate mixing events driven by bioturbation that do not penetrate as deeply into the 
sediments. Bottom waters at LY become hypoxic in the summer months (June- 
September) during neap tides and disappearing during spring tides (Kuo et al., 1993); 
hypoxic episodes can last for up to a week (Haas, 1977).
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Sequential extraction and saponification
Saponification (base hydrolysis) was performed on a subset of previously- 
extracted sediment core samples collected from POD,LY and M3 (Chapters 3 and 4; 
Zimmerman and Canuel, 2000). Prior to the base hydrolysis, the extracted sediment 
residues were air dried and stored in aluminum foil packets at room temperature. The 
dried sediment residues were saponified in 500 ml round bottom flasks outfitted with 
West condensers using 100 ml o f hexane-extracted 0.5 N KOH and 20 ml of hexane- 
extracted water and refluxed for two hours. The cooled hydrolysates were vacuum- 
filtered through combusted 47mm glass fiber filters. In separatory funnels, the 
hydro lysates were partitioned and extracted into dichloromethane (DCM) after adjusting 
the ratios o f DCM:methanol:water to 1:1:0.9 (Bligh & Dyer, 1959). The aqueous phase 
was back extracted into DCM and the organic phases (containing neutral compounds) 
combined and refrigerated overnight over combusted anhydrous sodium sulfate to 
remove traces of water. The aqueous phase was acidified with hexane extracted 6 N HC1 
and extracted twice with DCM. The organic phases (containing acids) were combined 
and refrigerated overnight over combusted anhydrous sodium sulfate.
Neutral and acidic fractions were treated as described previously (Chapter 4).
After methylation, the fatty acids were cleaned up with silica chromatography, with an 
additional three fractions eluted at the end: 15% ethyl acetate in hexane, 20% ethyl 
acetate in hexane, and 25% ethyl acetate in hexane. These three fractions were combined 
and contained hydroxy fatty acids. The hydroxy fatty acid methyl esters were analyzed 
by gas chromatography-flame ionization detection as trimethylsilyl ethers on a DB-5 
capillary column and separated under the following temperature and flow conditions: 
samples were injected cool-on-column (60°C) with helium as the carrier gas and the 
temperature ramped up to 320°C at 3°/min. Compounds were identified by gas 
chromatography/mass selective detection with the same analytical conditions.
Compounds were identified based on literature spectra (Boon et al., 1977; Cardoso & 
Eglinton, 1983; Eglinton et a l,  1968).
Bulk elemental analysis (total organic carbon), sediment dating, and 
mixing/energy regime characterization were conducted as described previously (Chapters 
3,4, and Zimmerman and Canuel, 2000).
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Calculation o f rate constants
Apparent rate constants were calculated for BH fatty acids (FAs), alcohols (ale), 
sterols (strl), hydroxy fatty acids (OH FAs) and fatty acid and hydroxy fatty acid 
subclasses (Table 2) as in Chapter 4. The range over which the rate constants were 
calculated represents the linear range of samples observed when plotted as the natural 
logarithm vs. age. Rate constants at all three sites were calculated from 1 cm below the 
surface to a horizon at depth, such that the total time window represents 88 yrs at POD, 
75 yrs at LY, and 74 yrs at M3. Rate constants (k’) were calculated using the following 
equation (Bemer, 1980; Canuel & Martens, 1996):
where C, and Cfe are the concentrations (jig (or mg) g'1 dry weight) of lipid at the base of
the sediment parcel (time t) and at the top of the sediment parcel (time to or 1 cm in this 
study), respectively. Errors in Cf, and t were propagated based upon sampling
variability assessed in a comparison of concentrations associated with surface grab 
samples (March 2000) and the standard error associated with calculating the 210Pb- 
derived accumulation rates (Chapter 3), respectively. Between-site differences were only 
affirmed when the ranges associated with the calculated k ’ values did not overlap.
Statistical treatment o f data
Between site differences were assessed with t-tests using Microsoft Excel when 
appropriate; differences were assumed to be significant when p<0.05. When n was not 
great enough, differences among study sites or compound classes were affirmed only 
when the ranges (mean ± s.e.) did not overlap. When possible, sampling variability was 
incorporated into the errors associated with sample concentrations using the results 
obtained from the grab samples (Chapter 4).
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RESULTS
Lipid Biomarker Compounds
Fatty acids, sterols, alcohols, and hydroxy fatty acids were isolated from bound 
organic material (those compounds released after saponification (base hydrolysis) of the 
solvent extracted sediment residue) at stations POD, LY, and M3. The hydroxy fatty 
acids were only quantified in the base hydrolysable (BH) phase, while the former 
compound classes were quantified in both solvent extractable (SE, see Chapter 4 for POD 
and LY and Zimmerman and Canuel, 2000 for M3) and BH phases. Total concentrations 
(SE + BH) of fatty acids (FAs) ranged from 1.1-11.5,1.4-16.9, and 1.5-12.3 pg/mgTOC 
at POD, LY and M3, respectively (Appendix N). While SE FAs comprise the dominant 
contributions (TOC normalized and % contribution) to the total (SE + BH) FAs at all 
three sites, BH FAs increase from 10-20% in surface sediments to 40-60% in deeper parts 
of the cores (Figure 1). Total organic carbon values were statistically the same (p<0.05) 
between solvent extractable and bound phases (Arzayus, unpublished data).
Total concentrations of sterols ranged from 0.58-3.44, 1.06-3.20, and 0.90-4.69 
pg/mgTOC at POD, LY, and M3, respectively (Appendix N). Similar to the FAs, the 
total sterol distributions are dominated by the SE fractions throughout most of the cores 
at all three sites, except for the deepest horizons in the core collected from M3 (Figure 2). 
At POD (Figure 2A), BH sterols comprise about 10% of the total in the surface 
sediments; below this, BH contributions hold steady at -40%. LY and M3 both start out 
with -10%  BH contributions in the surface sediments, gradually increasing with 
increasing depth to 50% at LY and 60% at M3 (Figures 2B,C).
Total alcohols ranged in concentration from 0.47-1.79,0.61-1.79, and 0.42-1.59 
pg/mgTOC at POD, LY, and M3, respectively (Appendix N). Percent contributions of 
SE and BH alcohols to the totals are more evenly split within all three cores (Figure 3).
At POD, BH alcohols contribute 25% to the total in the surface sediments, increasing to 
-55% at 21 cm and remaining at this level throughout the core. Similarly at LY, surface 
sediment BH contributions are 25% of the total, steadily increasing to 45% at 64 cm, 
where contributions remain steady. SE and BH alcohols are more variable at M3. BH 
alcohols make-up 40-60% of the total alcohols, except just below the surface (only 10% 
at 1 cm) and toward the bottom o f the core (25% at 191 cm).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
139
Carbon-normalized concentrations o f BH fatty acids, BH alcohols, BH sterols, 
and BH hydroxy fatty acids exhibit varying trends in surface sediments (<1 yr) among the 
three study sites (Figure 4). Generally, BH lipid compound classes were higher at M3 
than POD, while LY usually fell between the two, In contrast, concentrations of BH 
hydroxy fatty acids were highest at POD, due to high levels o f ©-OH fatty acids at this 
site.
Concentrations o f BH fatty acid subclasses decreased approximately 
exponentially downcore at POD, LY, and M3 (Figure 5), with the saturated fatty acids 
exhibiting the strongest exponential decrease at all three sites. Throughout the cores, BH 
fatty acids were dominated by saturated fatty acids (C12-C24 at POD and LY, C12-C26 at 
M3) distributed unimodally around Ci6 fatty acid. Saturated fatty acids comprised 45- 
70% of BH fatty acids at POD, 53-74% at LY, and 67-77% at M3. Monounsaturated 
fatty acids ranged from 5-14% of BH fatty acids at POD, 7-18% at LY, and 5-18% at M3. 
Polyunsaturated fatty acids were not detected in sediments from POD or LY, but ranged 
from 5-7% of BH fatty acids at M3. Branched fatty acids ranged from 6-14% of BH fatty 
acids at POD, 7-13% at LY, and 6-8% at M3. Dicarboxylic acids comprised 12-40% of 
BH fatty acids at POD, 8-14% at LY, and 1-6% at M3.
Concentrations o f BH sterols (carbon-normalized) were approximately constant 
downcore within each of the three sites (Figure 6). At POD, C 2 9  sterols dominated (34- 
47% of BH sterols) throughout the core. C 2 7  and C 2 8  sterols comprised similar amounts 
o f the BH sterols (17-25% and 15-21%, respectively) at POD, while C 3 0  sterols and 
hopanols together made up <10% of the total BH sterols (-1-4% each). BH sterols were 
also dominated by C29 compounds throughout the core collected from LY (32-36% of the 
total BH sterols), while C 2 7  and C 2 8  sterols comprised 23-26% and 21-25% of BH sterols 
in the LY core, respectively. C 3 0  sterols were more abundant at LY than POD, 
comprising 7-10% of the BH sterols; hopanols ranged from 1-4%, as with the POD core. 
M3 was more variable in BH sterol composition. Hopanols were only detected in two 
horizons of the core and comprised <2% of BH sterols. C 3 0  sterols ranged from 2-10%. 
C 2 7 ,  C 2 8 ,  and C 2 9  sterols were approximately equally distributed ranging between 9-34%, 
8-34%, and 18-37% of BH sterols.
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The composition o f BH hydroxy fatty acids varied widely downcore among the 
three sites (Figure 7). POD was dominated by ©-hydroxy fatty acids, which ranged from 
20-42% of BH hydroxy fatty acids. P-Hydroxy fatty acids comprised 9-33% while (©- 
l)-hydroxy fatty acids comprised only 1.5-7% of BH hydroxy fatty acids at POD. In 
contrast, LY and M3 were dominated by the P-hydroxy fatty acids, which ranged from 
30-65% and 42-60% of BH hydroxy fatty acids, respectively. ©-Hydroxy fatty acids, in 
contrast, comprised 22-61% of BH hydroxy fatty acids at LY (22-31% if two deepest 
samples are excluded) and 22-42% of BH hydroxy fatty acids at M3. (©-l)-Hydroxy 
fatty acids make up <20% of BH hydroxy fatty acids at LY (9-13%) and M3 (10-17%) 
but were found at negligible levels at POD.
Apparent rate constants were calculated for the various fatty acid subgroups that 
exhibited decreases in concentration downcore over the past -70-90 years: BH fatty 
acids, alcohols, sterols, hydroxy fatty acids, saturated fatty acids, branched fatty acids, 
polyunsaturated fatty acids, dicarboxylic fatty acids, p-hydroxy fatty acids, ©-hydroxy 
fatty acids, and (©-l)-hydroxy fatty acids (Table 2). Apparent rate constants did not 
exhibit any consistent trends among the study sites. For the total and saturated fatty 
acids, the apparent rate constants were similar for all three study sites. However, 
branched fatty acids at M3 had higher rate constants than at LY, while polyunsaturated 
fatty acid and dicarboxylic fatty acid rate constants at M3 were higher than at POD and 
LY (no polyunsaturated fatty acids were detected at POD and LY).
Apparent rate constants for all BH hydroxy fatty acids were also higher at M3 
than LY, where slopes calculated for downcore changes in the concentration were not 
significantly different than zero. No between-site differences were detected between M3 
and POD. Apparent rate constants for BH alcohols were similar at POD and LY, while 
rate constants for BH sterols were higher at POD than LY. Slopes calculated for 
downcore changes in concentration at M3 were not significantly different from zero.
Polvcvclic aromatic hydrocarbons fPAHsl
Distributions of highly stable compounds that have both biotic (diagenetic) and 
abiotic (combustion) origins were also examined. Based upon our previous work 
(Chapter 2), all PAHs except perylene were classified as pollutant PAHs. Perylene has
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an upriver source in the York River (Countway et al., in press) and may be formed during 
early diagenesis (Aizenshtat, 1973; Silliman et al., 2001). We analyzed PAHs in SE 
(Chapter 3) and BH phases at POD and LY. Total (BH+SE) concentrations ranged from 
7.29-36.29 ng/mgTOC at POD and 2.91-37.72 ng/mg TOC at LY (Appendix N). Most 
(70-90%) of the pollutant PAHs were recovered from SE phases at POD, while 50-90% 
were recovered in SE phases at LY (Figure 8). However, with the exception of the two 
deepest samples and the 84 cm sample at LY, SE PAHs contributed -90%  of the total 
PAHs throughout the LY core. The upper 40 cm at POD and the upper 50 cm at LY 
represent sediment younger than 40 years, based upon I37Cs dating reported previously 
(Chapter 3). While mean post-1963 %BH concentrations of total PAH at POD are 
-twice those at LY, between-site differences cannot be substantiated statistically (p>0.05) 
due to the variability in the samples at POD.
Concentrations o f BH pollutant PAH to surface sediments are 1.4-fold higher at 
POD (2.9 ng mg'1 TOC) than LY (2.1 ng mg'1 TOC) (Figure 4). High molecular weight 
PAHs (HMW) dominate the PAH distributions at both sites (Figure 9). BH volatile (MW 
^188) PAHs were higher at POD (0.5±0.04 ng mg'1 TOC) than LY (0.4±0.03 
ng/mgTOC). Concentrations of perylene are approximately equal accounting for the 20% 
variability in concentration at both sites.
BH concentrations (carbon normalized) of pollutant PAH (not including perylene) 
ranged from 2-5 ng m g'1 TOC and 1.3-5 ng mg'1 TOC in the cores collected at POD and 
LY, respectively (Figure 9). Perylene concentrations varied more widely downcore at 
POD, ranging from 1-15 ng mg'1 TOC; concentrations at LY fell between 0.4-1.8 ng mg'1 
TOC. Volatile PAHs made-up 11-24% of total pollutant PAH at POD and 12-29% at 
LY; methyl PAHs comprised between 5-9.4% at POD and 6-13% at LY. The HMW 
PAHs dominated the bound pollutant PAHs as in the surface grabs, from 48-81% at POD 
and 57-81% at LY.
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DISCUSSION
Sources of bound lipids
In order to examine whether bound phases are formed during pre- or post- 
deposi tional processes, it is first necessary to compare source inputs to surface sediments 
at each of the study sites. Compositionally, M3 has the highest contribution of mono- 
and polyunsaturated BH fatty acids, which are inherently more reactive than the saturated 
species. Polyunsaturated fatty acids are indicative of labile, “fresh” organic matter (Shaw 
& Johns, 1985) and are common constituents of phytoplankton and zooplankton 
(Volkman et al., 1989). Monounsaturated fatty acids are synthesized by a number of 
organisms including bacteria, phytoplankton and zooplankton. Primary production is 
high in the mesohaline region of the Chesapeake Bay near the M3 site (Harding et al, 
1986). Previous studies have shown that this production likely leads to the deposition of 
labile organic matter to the sediments of this region (Zimmerman & Canuel, 2001). Our 
results suggest that this is also the case for bound phase components. In general, ignoring 
the saturated fatty acids, which are dominant at all three sites, the more reactive 
unsaturated fatty acids are dominant at M3 while more stable, saturated compounds are 
more prevalent at LY and POD.
Another difference among surface sediment compositions is the presence of 
dicarboxylic fatty acids at POD and LY but not at M3. Dicarboxylic acids (diacids) can 
be derived from the oxidation of hydrocarbons, monocarboxylic fatty acids, and co­
hydroxy fatty acids (e.g. Eglinton et al., 1968; Johns & Onder, 1975). They have also 
been identified as components o f higher plants (Eglinton et al., 1968; Kollattakudy,
1980). The presence and higher abundance of diacids at both POD and LY relative to 
M3 may indicate a stronger terrestrial source signature in the York River sediments.
BH sterol concentrations in surface sediments (<0.5 cm) were highest at M3 
(Figure 4). The % sterol composition also reflects the enhanced productivity at M3, with 
larger contributions o f C27 and C28 sterols than LY or POD. C27 and C28 sterols likely 
derive from autochthonous sources such as phytoplankton and zooplankton (Volkman, 
1986; Volkman et al., 1998). Although hopanols comprise similar portions of the total 
sterols in surface sediments at POD and LY, they are generally at/below detection limits 
at M3. The hopanols are considered bacterial biomarkers and may be markers for
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cyanobacteria (Rohmer et al., 1984; Summons et al., 1999), which typically reside in 
aerobic environments, consistent with the depositional regimes o f our study sites.
The hydroxy fatty acids show large variability in source inputs to the study sites 
(Figure 4). In the surficial sediments, concentrations o f total hydroxy fatty acids are 
higher at POD and LY (which exhibit no differences from each other) than at M3. At all 
three study sites, maximum concentrations are below the surface sediments (<0.5 cm). 
These maxima are driven primarily by P-hydroxy FAs at M3 and LY, and by P- and co­
hydroxy FAs at POD. p-Hydroxy FAs are unambiguous markers for gram-negative 
bacteria (Boon et al., 1977; Cranwell, 1981b; Goossens et al., 1986; Klok et al., 1984; 
Parker et al., 1982). These compounds are easily metabolized and are not expected to 
survive in non-viable forms (Boon et al., 1977). The maxima are proportional to the 
depth of mixing at the three study sites, although POD exhibits several subsurface 
maxima. Thus, higher concentrations of P-hydroxy fatty acids may indicate higher 
abundances of microbial biomass at oxic/anoxic interfaces.
In contrast, surface sediments at POD have higher concentrations of co-hydroxy 
fatty acids than LY and M3, co- and (co-l)-Hydroxy FAs are not as source specific as 
other fatty acids. Like the diacids, they can be derived from oxidation of fatty acid 
precursors or from higher plants; most notably, co-hydroxy FAs are primary components 
of cutin and suberin (Boon et al., 1977; Eglinton et al., 1968). The POD core is 
dominated by co-hydroxy FAs, with minor contributions from (co-l)-hydroxy FAs (Fig.
7). M3 has the highest concentrations of the (co-1) compounds. As with the diacids,
POD most likely exhibits a stronger terrestrial origin for hydroxy FAs as evidenced by 
higher concentrations of co-hydroxy FAs, while hydroxy FAs at M3 likely derive from 
oxidation of fatty acid precursors in the water column and/or the water/sediment 
interface.
In general, bound lipids are derived from more autochthonous sources (plankton, 
bacteria) at M3 and more terrestrial sources at LY and POD. Thus, both autochthonous 
and terrestrial sources of organic matter are present in bound phases either reflecting 
water column processes or incorporation into bound phases immediately following 
deposition to the water-sediment interface. Because our sampling focused on the 
sediments, we are unable to distinguish between the two. Differences in biomarker
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concentrations as a function o f physical vs. biological mixing were most apparent in the 
fatty acids and sterols, while differences in alcohols and hydroxy fatty acids were more 
likely due to the presence vs. absence of any mixing (biological or physical).
Diaeenetic effects on bound phases o f lipids
Once deposited, the effects of compound class reactivity and source are the 
dominant factors contributing to the fate o f lipids in bound phases. The BH fatty acid 
profiles, particularly the saturated fatty acids, approximate an exponential decrease 
downcore, as in the solvent extractable phase (Chapter 4). Thus, even in the bound 
phase, this class of compounds is reactive. In contrast, more stable compounds such as 
the BH sterols, alcohols and PAHs exhibit little change in concentration with time.
Apparent rate constants calculated for the fatty acids and several subclasses of the 
monocarboxylic fatty acids (saturated /i-fatty acids and branched fatty acids) show no 
differences in their rate constants (Table 2). In contrast, the rate constant for PUFA at 
M3 indicates higher reactivity for this subclass of FA than for either total FA or other FA 
subclasses (Table 2). The rate constants for diacids were similar to the saturated fatty 
acid rate constants at LY and M3, but differed from those calculated at POD, where rate 
constants for diacids were essentially zero.
Compared to other lipid classes, fatty acids are more reactive, as a whole, than 
sterols (at LY and POD) or hydroxy fatty acids (at LY and M3). For example, the bound 
sterol concentrations remain more or less constant downcore, with no decrease (Figure 6). 
Sterol composition also remains unchanged with time at all three sites. Thus, once 
sequestered into the bound phase, sterols are well preserved for upwards of 200-300 
years, depending on the study site.
The BH hydroxy fatty acids (Figure 7) exhibit a slight decrease downcore; while 
% contributions o f ©-hydroxy fatty acids remain constant with depth, the P- and (©-1)- 
hydroxy fatty acids exhibit changes in concentration with time. These observations are 
consistent with both their microbial origin (Boon et al., 1977; Cranwell, 1981b; Goossens 
et al., 1986; Klok et al., 1984; Parker et al., 1982) and oxidation processes (e.g. Eglinton 
et al., 1968; Johns & Onder, 1975), respectively, as sources o f metabolizable carbon 
decrease with age.
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The effects o f depositional regime on the fate of bound lipids are not as apparent 
as they are with the solvent extractable compounds (Chapter 4). At all three stations, the 
% BH FAs gradually increases to a constant background level (Figure 1). BH FAs, as 
well as saturated, polyunsaturated and branched FAs, have higher rate constants at M3 
than LY and POD, suggesting that the conditions at are more favorable for degradation of 
the majority of the fatty acids. It is unclear whether the depositional conditions (reduced 
oxygen, little/no bioturbation) or presence of labile organic matter contribute to the 
enhanced loss rates for FAs at M3. Previous studies (Aller, 1998) have suggested that 
organic matter degradation may be enhanced by the co-metabolism of labile organic 
matter.
Mixed results are observed for the BH hydroxy fatty acids and subclasses of the 
hydroxy fatty acids. Total BH hydroxy fatty acids are degraded faster at M3 and POD 
than LY (Table 5). This trend is also supported by rate constants for the P-, to-, and 
(to—1) -hydroxy fatty acids, which show the highest rate o f degradation at M3, followed 
by POD and little to no degradation at LY. In this case, it appears that the major 
differences between the sites may relate to the presence/absence o f macrofauna and 
associated bioturbation. LY is the only site characterized by bioturbation and hydroxy 
fatty acids are preferentially preserved at this site relative to the other study sites. The 
sources o f the hydroxy fatty acid subclasses may also be an important consideration as 
to—, and ( g o —I) -hydroxy fatty acids were both degraded faster at M3 than POD
Source may also be the most important factor for the diacids. Apparent rate 
constants for diacids were higher at M3 and LY than at POD. Diacids at POD may be 
derived from more refractory terrestrial materials such as waxes (Murray & Schonfeld, 
1955) and polymeric suberin and cutin (Eglinton et al., 1968)while diacids at LY and M3 
may be oxidation products of fatty acids, and/or co-hydroxy fatty acids (Eglinton et al., 
1968).
For sterols, apparent rate constants were three-fold higher at POD than LY but 
showed no change in concentration over time at M3. Since sterols are typically more 
stable than fatty acids or hydroxy fatty acids, the more dynamic mixing regime at POD 
may be more suitable for any degradation than at LY. Sterol conversion to stanols has 
been shown to be enhanced under suboxic conditions (Taylor et al. 1981), which are
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more typical o f POD than the other sites. This is also consistent with the finding that BH 
sterols are stable under the anoxic conditions at M3.
At first glance, increases in %BH lipids with time suggest that SE lipids may be 
converted to BH lipids as diagenesis proceeds. However, the BH concentration data 
suggest otherwise and do not increase with depth (Figures 5-7). The increase in %BH 
contributions with depth is instead due to the preferential loss of SE compounds rather 
than increases in concentrations of BH compounds. Likewise, if lipids were incorporated 
into bound phases during diagenesis, we would expect that sites with higher carbon 
mineralization rates (presumably the highly reworked, physically disturbed POD site) 
would exhibit increased incorporation of lipids into bound phases. As neither of these is 
the case, we find no evidence for in situ transfer of organic matter from SE to BH phases. 
Instead, it appears that some fraction of the organic material is deposited in a bound form, 
which is more resistant to diagenesis and is preserved over time.
Moreover, we also find evidence for degradative losses of particular bound phase 
components (e.g. BH fatty acids). Between-site differences in concentrations of BH fatty 
acids (highest amounts at M3, lowest amounts at POD) do not appear to be due to 
depositional regime but instead are more dependent upon differences in organic matter 
sources and rates of sediment accumulation. In contrast, depositional conditions may 
influence the degradation of BH sterols and alcohols. Alternatively, if both degradation 
and sequestration processes are occurring for SE compounds, bound phase compounds 
could still be derived from the solvent extractable phase; as SE pools decrease (due to 
degradation), there is less available to incorporate into bound phases.
Inputs and Diaeenetic effects on bound PAHs
BH PAHs, both diagenetic and combustion-derived in origin, were observed in 
surface sediments (<0.5 cm) at both POD and LY (Figure 4), further supporting a pre- 
depositional formation of bound phases (vs. in situ production with depth in sediments) in 
marine sediments. Bound pollutant PAH profiles (Figure 9), dominated by HMW PAH, 
vary by only 1-3 ng/mgTOC downcore compared to the dramatic shifts in the solvent 
extractable concentrations (Chapter 3). Thus, bound pollutant PAHs do not vary as a 
function of diagenesis once deposited in the sediments.
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The volatile PAH concentrations are constant downcore at both POD and LY, but 
average concentrations are higher at POD in both surface sediments and throughout the 
cores. While this may lend support to post-depositional sequestration as organic matter is 
humified (Guthrie et al., 1999), it is unclear why bound concentrations do not increase 
with time. It may simply reflect the decreasing pool o f solvent extractable PAHs 
downcore, rather than a threshold limitation or carrying capacity o f the sediments.
Perylene is consistently higher at POD than LY throughout the core. In modem 
sediments (<50 cm), perylene is approximately twice as high at POD, but below 50 cm, 
concentrations are up to 9-fold higher at POD than LY. Elevated concentrations of 
perylene in the upper 50 cm at POD relative to LY can be explained by an upriver 
source(Countway et al., in press). Elevated concentrations at POD deeper in the core 
may best be explained by diagensis. It was recently proposed that the microbially 
mediated formation of perylene can only occur after the more labile organic carbon is 
utilized by other microbial communities(Silliman et al., 2001). Thus, the intermittent 
physical mixing at POD may promote more efficient remineralization of labile organic 
matter at POD than LY, resulting in a more favorable environment for the formation of 
perylene.
The preceding data (both lipids and PAH) suggest that some portion of bound 
organic material is formed in the water column or very quickly upon sedimentation (time 
scales less than a year); differences between source and post-depositional processing are 
difficult to tease apart in this small horizon of sediment. Once formed, bound residues 
are highly resistant to further degradation. However, the resistance is not non-specific 
among the lipid classes examined, as recently proposed (Hedges et al., 2001).
Preservation is still dictated in part by source inputs to the sediment and by compound 
class reactivity. Future work should investigate the “bound” fractions of newly produced 
organic matter (i.e., whether “bound" lipids are formed during algal synthesis), the role of 
water column transformation processes in the formation of bound phase components 
(e.g., formation of bound phases during fecal pellet formation), and incorporation of 
organic matter into bound phases at the water-sediment interface.
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Table 1. Study site characteristics.
Study Site Latitude/
Longitude
Water
Depth
Water
Column
Conditions
Sediment
Accumulation
Rates
Depositional/ seabed 
regime
POD 37°21.36’N
76°37.54’W
8.2 m Well-mixed,
oxic
0.23 g cm'2 yr'1 Deep (~lm), 
episodic mixing
LY 37°14.66’N
76°24.69’W
15.5 m Well-mixed,
oxic
0.41 gcm '2yr'1 Shallow (~ 15 cm) 
mixing, bioturbated
M3 38°34.05’N
76°26.76’W
15 m Seasonal
stratification,
anoxia
0.47 g cm'2 yr*1 Low disturbance, 
fine laminae
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Table 2. Apparent rate constants and standard error (yr'1) for bound 
summed fatty adds (FAs), alcohols (ale), sterols (Strls), hydroxy fatty acids 
(OH FAs), saturated fatty adds (sat’d FAs, branched fatty adds (br FAs), 
dicarboxylic adds (diadds), b-hydroxy fatty adds (b-OH FAs), w-hydroxy 
fatty adds (w-OH FAs), and (w-1)-hydroxy fatty adds ((w-1)-OH FAs) at 
POD, LY, and M 3 . _________________________________________
AT 88 yrs (1-41 cm) 75 yrs (1-64 cm) 74 yrs (1-86 cm)
station POD LY M3
FAs 0.015 (0.007) 0.014 (0.003) 0.027 (0.008)
ale 0.013 (0.003) 0.013(0.002) NS
Strls 0.011 (0.003) 0.002 (0.0004) NS
OH FAs 0.012 (0.004) 0.002 (0.0003) 0.009 (0.003)
sat'd FAs 0.017(0.011) 0.014 (0.005) 0.026 (0.008)
PUFAs ND ND 0.044 ((0.012)
brFAs 0.020 (0.005) 0.013 (0.002) 0.025 (0.007)
diacids 0.002 (0.0005) 0.010 (0.002) 0.014 (0.004)
p-OH FAs 0.020 (0.008) 0.003 (0.0003) 0.024 (0.007)
u-OH FAs 0.009 (0.003) NS 0.016 (0.004)
(<d-1)-OH FAs 0.018 (0.009) NS 0.026 (0.008)
NS slopes not significantly different from zero. 
ND not detected
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Figure 1. % Distribution of solvent extractable (SE) and base hydrolysable (BH) fatty 
acids (FAs) in sediment cores from stations A) POD, B) LY, and C) M3.
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Figure 2. % Distribution of solvent extractable (SE) and base hydrolysable (BH) sterols 
in sediment cores from stations A) POD, B) LY, and C) M3.
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Figure 3. % Distribution of solvent extractable (SE) and base hydrolysable (BH) alcohols 
in sediment cores from stations A) POD, B) LY, and C) M3.
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Figure 4. Concentrations (pg/mgTOC), of BH fatty acids (FAs), alcohols (Ale), sterols 
(Strls), hydroxy fatty acids (OH FAs), and pollutant PAHs (not including perylene) in 
surface sediments (<0.5 cm) at POD, LY, and M3.
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Figure 5. Concentrations (jig/mgTOC) of FAMEs and subclasses in sediment cores from 
stations A) POD, B) LY, and C) M3: Saturated FAMEs (Sat’d), monounsaturated 
FAMEs (MUFA), dicarboxylic FAMEs (diacids), branched fatty acids (BrFas), and 
polyunsaturated FAMEs (PUFA).
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Figure 6. Concentrations (|ig/mgTOC) of sterols and subclasses in sediment cores from 
stations A) POD, B) LY, and C) M3: carbon chain length C27, C28, C29, C30, and 
hopanols.
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Figure 7. Concentrations (yg/mgTOC) of hydroxy fatty acids and subclasses in sediment 
cores from stations A) POD, B) LY, and C) M3: p-hydroxy (P), co-hydroxy (co), and (©- 
l)-hydroxy (co-1).
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Figure 8. %Distribution of solvent extractable (SE) and base hydrolysable (BH) 
polycyclic aromatic hydrocarbons (PAHs) in sediment cores from stations A) POD and 
B) LY.
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Figure 9. Concentrations (ng/mgTOC) of PAHs in sediment cores from stations A) POD 
and B) LY: volatile PAH (volatile), methyl-PAH (methyl), soot PAH (soot), and 
perylene.
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A thorough understanding o f the dynamics of organic carbon cycling in estuarine 
and coastal sediments is necessary for the development of more accurate models of the 
ocean’s buffering capacity in response to increasing levels of atmospheric carbon 
dioxide. Because of the elevated primary productivity and enhanced cycling of relevant 
bioactive elements (e.g. carbon, nitrogen, phosphorous, etc.), the global coastal oceans 
play a critical role in the transfer o f organic matter between marine and terrestrial 
systems, as well as in the fate of organic material. The focus of this dissertation was to 
examine more closely how varying depositional regimes influence organic matter 
accumulation and preservation in estuarine sediments.
The previous chapters examined the fate of anthropogenic and naturally occurring 
organic compounds spanning a range o f chemical reactivities in sediments deposited 
under quiescent, bioturbated, and physically mixed conditions. Depositional regime is 
expected to be important in the cycling of organic compounds because sediment 
dynamics directly affect: 1) the exposure time of benthic and pelagic organisms to 
harmful pollutants and 2) the extent and type of organic matter cycling as influenced by 
the presence of oxygen and other electron acceptors and mineral and organic matter 
associations.
For this study, I proposed and investigated three hypotheses:
1. Sources of organic matter delivered to surface sediments throughout southern 
Chesapeake Bay and the York River vary temporally and spatially in response to 
changes in productivity and freshwater flow. Alternate hypothesis: organic 
compound inputs throughout southern Chesapeake Bay are homogeneously 
distributed due to a spatially well-mixed water column (Chapters 2 and 4).
2. Degradation of organic compounds deposited under more intensely mixed 
depositional regimes will be enhanced relative to sites where deposition occurs 
under more quiescent conditions. Longer water column residence times and 
episodic mixing events that reintroduce oxygen and other electron acceptors will 
promote degradation in these environments. Alternate hypothesis: The reactivity 
of sedimentary organic matter is determined prior to its deposition either at its 
time of synthesis or through associations with mineral or macromolecular 
materials in the water column. (Chapters 3 and 4).
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3. Organic compound associations with macromolecular or mineral sedimentary 
phases (often referred to as bound phases) are formed during early diagenesis and 
hence are influenced by depositional regime. Prolonged oxygen exposure and 
mixing will promote transfer o f compounds from extractable to bound phases. 
Alternate hypothesis: Associations between organic compounds and bound phases 
occur pre-depositional and are independent of energy regime and in situ 
diagenetic processes (Chapter 5).
A conceptual diagram depicts the salient conclusions from this study (Figure 1). 
Concentrations of organic compounds in York River (POD and LY) and Chesapeake Bay 
(M3 and southern CB sites) sediments varied by source and compound reactivity 
(Chapters 2 and 4). The organic material at all sites was dominated by autochthonous 
sources, as indicated by the bulk organic, stable isotope, and lipid biomarker 
measurements. However, autochthonous organic matter abundance was highest in the 
more estuarine (M3 and LY) compared to the riverine study location (POD; Chapter 4). 
Seasonal variability was observed in autochthonous organic matter concentrations, which 
was primarily derived from diatoms and bacteria, and was driven by phytoplankton 
blooms in the spring, as observed previously for southern Chesapeake Bay (Zimmerman 
& Canuel, 2001).
In contrast, more stable terrestrial-derived compounds showed no seasonal trend and 
surface sediment concentrations normalized to organic carbon were homogeneous among 
all of the study sites, suggesting a well-mixed, homogenous estuarine system. This is 
corroborated by the PAH concentrations (Chapter 2), which were best explained by total 
organic carbon concentrations and dry depositional flux to the watershed. Correlations 
with total organic carbon were due to hydrodynamic sorting of fine-grain sediments, 
among which both PAHs and total organic compounds are likely to be found, rather than 
a mechanistic partitioning dependence.
Once deposited, depositional regime plays a role in the fate of organic matter. In the 
uppermost sediments (<5 yrs), diatom derived organic matter was more efficiently 
degraded/removed (as opposed to higher plant material) under intensely mixed (POD) 
than bioturbated (LY) conditions (Chapter 4). However, below the most actively mixed 
sediments, depositional regime was only important for bulk organic matter (total organic
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carbon, total nitrogen, and total lipid extract). Thus, over longer periods of time 
(decades), the effects of bioturbation and physical mixing are negligible on the most 
reactive pools of organic matter, affecting only the more resistant pools of organic matter. 
The latter is in part made up of terrestrial derived material, based upon the lipid 
biomarker data, as well other sources, such as organic pollutants.
The fate o f PAHs may also be dependent upon sediment regime. While total 
concentrations o f pollutant PAH did not differ statistically between POD and LY in 
sediments deposited since 1963, there is some evidence of enhanced degradation o f the 
linear PAH isomers (vs. the corresponding angular isomers) at POD vs. LY, further 
supporting the role o f depositional regime on the persistence of organic pollutants in the 
environment.
The formation o f bound phases of organic matter is also a complex process that 
still requires further study. Despite previous suggestions that bound phases are formed 
by microbially mediated processes during diagenesis (Goossens et al., 1989; Guthrie et 
a i, 1999; Wakeham, 1999), the results of this study do not support that hypothesis 
(Chapter 5). Instead, bound phases appear to be formed prior to or immediately upon 
deposition. While the stability o f organic material is enhanced in the bound phase, there 
are still portions o f the organic material that are susceptible to degradation (e.g. fatty 
acids). In addition, the composition of the bound phase strongly reflects the organic 
source material (e.g. more labile and reactive components at M3 than POD), further 
supporting a pre-depositional formation of bound phase materials. Depositional regime 
may also play a role in the abundance of bound phase compounds, as concentration was 
inversely proportional to the intensity of sediment disturbance (Figure 1).
Due to the inherent variability associated with dynamic estuarine systems, especially 
those that are characterized by biological and physical mixing, it is challenging to tease 
apart the processes affecting the fate and preservation of organic matter. The dating of 
sediment cores is difficult, at best, and diagenetic trends can be complicated to discern. 
Perhaps the most tantalizing evidence of the role o f depositional regime in the 
degradation o f organic matter is given in the perylene profiles (Chapters 3 and S).
Perylene is an enigma in the marine environment, as there is evidence for both 
terrestrial and aquatic precursors (reviewed in Venkatesan, 1988). A recent hypothesis
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proposes that perylene formation is microbially mediated in anoxic sediments, but only 
after more labile material is degraded (Silliman et al., 2001). Results from this study 
support this hypothesis, where both solvent extractable and bound perylene in pre­
industrial sediments at POD (below the intensely mixed and oxidized zone) are present at 
concentrations up to 10 times higher than those at LY. Thus, at depths below 50 cm at 
POD, where sediments are most likely anoxic and labile organic material has been 
removed, conditions are favorable for perylene-forming microbes.
The fate o f organic matter in marine sediments is dependent upon a variety of factors, 
including the source of the material, its composition and reactivity, and the availability of 
electron acceptors. This study further identifies how depositional regime affects these 
established mechanisms. Future work should include an examination of the formation of 
bound phase organic matter. The strong source signals apparent in the bound lipid 
biomarker data in the surface sediments suggests that bound phases are formed prior to 
deposition, although formation at the water-sediment interface and at time frames of less 
than one year cannot be ruled out. The formation of bound phases most likely plays a 
key role in the sequestration of organic carbon in the marine environment, as has been 
recently proposed by the mineral-ballast theory (Armstrong et al., 2002; Hedges et al., 
2001). A better understanding of bound phase formation may be key to better quantifing 
the ocean’s ability to fix and sequester more of the excess anthropogenic carbon dioxide 
in the atmosphere.
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Figure 1. Conceptual diagram depicting the fate o f solvent extractable (SE) and bound 
(BH) organic matter. Top row depicts redox regime and depth and penetration of mixing. 
Middle row depicts degradation and/or removal of reactive organic matter (reflected by 
diatom (and other microalgal) fatty acids and sterols and a zooplankton sterol) in 
sediments <5 yrs old and bulk organic matter (TOC) below the mixed zone; thicker 
arrows imply enhanced degradation and the dashed line represents the depth o f the mixed 
zone. TOC removal is based upon rate constants calculated below the mixed layer and 
cannot be compared with reactive organic matter removal rates in sediments <5 yrs old. 
M3 TOC rates from Zimmerman and Canuel (2000). Profiles represent the 
concentrations o f perylene. The bottom row depicts the fate of polyunsaturated fatty 
acids (PUFAs), sterols and total fatty acids in the bound phase. Profiles represent the 
concentrations of bound perylene.
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Appendix A. Surface sediment PAH concentrations ng g '1 dry weight), seasonal sampling 1996-1997.
C o m p o u n d 20-Apr-96
Site CBS.4 
20-Jun-96 16-Oct-96 5-Apr-97 20-Apr-96
Site WT 
20-Jun-96 16-Oct-96 5-Apr-97 20-Apr-96
Site LE3.6 
20-Jun-96 16-Oct-96 5-Apr-97
naphthalene NA 53.69 NQ 107.05 NQ NQ NQ NQ NQ NQ NQ NQ
acenaphthytene NA 45.97 NQ 180.43 NQ 5.12 2.15 NQ 4.80 10.34 5.26 NQ
acenaphthene NA 33.89 NQ 40.91 NQ NQ 1.18 NQ NQ NQ NQ NO
fluorene NA 3.76 5.01 3.10 1.27 1.29 1.77 0.63 4.30 3.70 3.21 4.67
1-methyttluorene NA 3.38 3.95 2.75 0.81 1.07 1.18 0.46 3.21 3.20 2 29 3.42
phenanthrene NA 22.58 27.88 22.49 5.93 6.87 10.59 2.65 23.58 25.80 15.01 25.97
anthracene NA 4.85 7.13 5.26 1.13 1.45 5.00 0.66 4.79 7.16 4.13 5.24
2-methytphenanthrem NA ND 13.70 9.13 2.17 2.80 4.14 1.11 8.79 11.52 7.09 8.98
2-methytanthracene NA ND 4.80 2.67 0.42 0.62 2.19 0.24 2.29 4.19 2.32 2.10
1 -methyianthracene NA ND 9.76 8.19 1.56 2.17 336 0.88 8.10 10.43 6.53 8.23
1-methytphenanthrem NA ND 8.08 6.34 1.42 1.66 2.96 0.95 5.72 6.13 4.70 6.68
9-methytanthracene NA ND ND ND ND ND ND ND ND ND ND ND
fluoranthene NA 30.50 36.99 29.52 8.14 9.85 17.16 3.53 29.14 47.99 23.70 39.62
pyrene NA 25.38 32.05 25.40 6.73 7.86 16.08 2.78 28.06 48.82 24.75 36.30
bMiz(a)anthracene NA 11.80 15.70 12.75 3.10 3.55 8.70 1.45 13.60 25.92 13.39 14.73
chrysene NA 13.15 16.82 13.89 3.59 3.87 13.04 1.53 12.39 21.12 12.05 15.59
benz(b)fluoranthene NA 35.39 44.06 33.21 8.51 9.79 15.87 3.98 33.76 46.94 28.58 37.93
benz(k)fluoranthene NA 11.80 14.74 10.86 2.79 3.34 5.61 1.26 10.46 15.09 8.73 12.69
benzo(e)pyrene NA 14.01 17.49 13.33 3.48 4.21 6.31 1.61 13.27 19.34 11.08 15.38
benzo(a)pyrene NA 17.51 22.50 16.96 4.13 5.14 9.42 1.76 18.34 34.82 18.32 7.79
perylene NA 34.47 44.41 35.11 10.82 1257 15.82 6.71 26.63 26.41 21.92 35.21
7-methytbenzo(a)pyre NA ND ND ND ND ND ND ND ND ND ND ND
tndeno(123cd)pyrene NA 22.67 28.62 22.07 5.31 6.72 9.53 2.52 27.98 37.99 25.20 25.26
benz(ghi)perytene NA 20.26 25.71 18.41 4.50 5.70 8.34 2.33 18.53 25.25 16.65 21.15
dibenz(ah)anthracene NA 5.13 6.12 4.23 1.06 ND 2.10 NQ 4.56 5.40 4.15 4.83
T o u t  PA H  Inala) NA 410.20 385.51 624.08 76.869 95.631 162.498 37.032 302.31 437.53 259.06 331.79
NA= not available
NQ= not quantifiable; sam ple is less than three times the blank 
ND= not detectable
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Appendi« A. cld. Surface sediment PAH concentraDorn (o g q 'd rv  weight). M»»onal sampling 1996-1997.
Compound 20-Apr-96
Sits WE4.2 
20- Jun-96 16-Ocl-96 22-Mar-97 20-Apr-96
Site YRPOO 
20-Jun-96 16-Od-66 22-Mar-97
naphthalene NQ NQ NQ NQ NQ 14.10 NQ NQ
acenaphthylene 6.75 10.82 7.99 11.83 30.05 22.09 904 4.58
acenaphthene NO 5.61 NQ 6.45 3.46 ND 325 NQ
ftuorene 5.50 3.12 4 36 2.66 304 222 3.48 4.62
1-methytfluorene 3.99 2.79 3.73 2.49 1.82 1.80 231 279
phenanthrene 33 54 1983 25 68 1B.89 21.42 14.11 18.42 24.80
anthracene 9.69 5.40 6.52 4.60 7.33 3.50 6.10 5.79
2-methylphenanthreni ND 997 11.29 783 554 5.85 632 7.17
2-methytanthracene ND 2.27 3.42 2.35 2.69 2.61 2.35 2.06
1 -methyfanthracene NO 7.94 10.58 7.56 6.39 6.15 7.36 6.59
1 -methylphenanthreni NO 5.12 735 5.14 4 72 4.18 5.72 6.31
9-methytanthracene ND ND ND ND ND ND NO ND
fluoranthene 33 71 41.14 38.19 35.52 38.83 27.17 48.25 57.42
pyrene 37.93 44 71 1773 34 86 4061 26 66 45 96 5467
benz(a)anthracene 18.62 18.31 19.75 19.05 21.31 1364 21.60 24.04
chiysene 19.06 14.51 17.62 15.18 16.97 11.23 17.22 18.43
benz{b)Huoranthene 30.95 41.63 44.20 41.94 43.76 15.05 53.20 57.91
benz(k)Huoranthene 12.82 1290 13.44 1309 14.25 4.76 1674 18.12
benzo(e)pyrene 17.14 17.45 1621 1720 18.64 6.42 23.01 24.40
benzo(a)pyrene 24.75 25.38 26 03 24.89 26.67 7.41 26 38 20.43
perylene 34.12 27.69 31.18 27.48 47.38 20.10 58.46 74.68
7-methylberuo(a)pyre ND ND ND ND ND ND ND ND
indeno( 123cd )pyrene 30.42 35.84 37.17 29.72 25.45 22.04 31.92 32.61
benz(ghi)petyiene 23.94 26.05 25.82 20.65 22.62 1B.4B 28.28 28.97
dibenz(ah)anthracenc 605 5.74 5.41 4.66 5.63 4.48 7.21 6.91
Total PAH (nfl/g| 357.19 384.21 375.74 356.04 408.76 254.29 442.58 491.50
NA- not available
NQ= not quantifiable; sam ple is less than three limes the blank 
ND- not detectable
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Appendix B1. Atmospheric particle PAH concentrations (pg m'3). seasonal sampling 1996-1997.
4/19/1996 4/19/1996
ira  /•
6/20/1996
rwi ihi wwiiipillljl
6/20/1996 10/15/1996 3/22/1997 4/5/1997
Matthews Oyster Pier Matthews Oyster Pier Ferry Pier Oyster Pier Oyster Pier
County County
air volume (m3) 536.89 381.40 630.04 472.25 542.80 713.76 623.40
naphthalene NQ NQ NQ NQ NQ NQ NQ
acenaphthylene NQ NQ NQ NQ NQ NQ NQ
acenaph thene NQ NQ NQ NQ NQ NQ NQ
fluorene 3.94 NQ 6.87 4.67 16.28 8.80 14.02
1-methlfluorene 5.21 5.35 7.73 7.69 6.07 5.87 8.26
phenanthrene 58.83 92.74 48.43 51.73 140.93 90.61 164.99
anthracene NQ NQ NQ NQ NQ 6.46 12.47
2-methylphenanthrene 24.14 33.48 36.54 19.59 39.15 24.16 33.21
2-methylanthracene NQ NQ NQ NQ NQ NQ 4.30
1 -methlyphenanthrene 11.26 15.76 19.31 8.89 13.75 13.45 22.66
1 -methylanthracene 12.15 17.32 17.53 8.94 18.19 11.81 20.02
9-methylanthracene ND ND ND ND ND ND ND
fluoranthene 38.86 66.97 22.51 55.91 141.92 97.67 209.79
pyrene 30.07 46.72 27.35 36.34 106.64 89.63 159.53
benzo(a)anthracene 7.76 18.29 4.24 9.69 41.99 52.30 64.70
chrysene 26.19 54.28 20.76 31.00 97.48 120.52 116.21
benzo(b)fluoranthene 34.49 68.44 26.88 30.14 109.74 348.98 235.20
benzo(k)fluoranthene 23.27 56.63 18.13 20.33 74.03 83.40 59.53
benzo(e)pyrene 27.73 51.09 21.42 21.31 87.36 153.15 98.31
benzo(a)pyrene 12.76 29.61 6.14 10.28 60.34 76.78 91.28
perylene 0.00 5.10 1.37 0.00 10.78 0.00 0.00
7-methylbenzo(a)pyren ND ND ND ND ND ND ND
indeno(1,2,3cd)pyrene 24.25 44.29 14.44 24.81 107.33 268.21 149.50
benzofg.h.l )perylene 27.30 47.73 18.31 30.11 147.51 340.06 142.09
dibenzo(ah)anthracene 2.97 8.04 1.23 2.25 10.30 ND 23.94
NQ= not quantifiable; sample is less than three times the blank 
ND= not detectable
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Appendix B2. Atmospheric gaseous PAH concentrations (pg m 3). seasonal sampling 1996-1997.
4/19/1996 4/19/1996 6/20/1996
IWVf WMIIIII r]
6/20/1996 10/15/1996 3/22/1997 4/5/1997
Matthews Oyster Pier Matthews Oyster Pier Ferry Pier Oyster Pier Oyster Pier
air volume (m3)
County County
536.89 381.40 630.04 472.25 542.80 713.76 623.40
naphthalene NA NQ NA NQ NQ NQ NQ
acenaphthylene NA NQ NA NQ NQ NQ NQ
acenaphthene NA NQ NA NQ NQ NQ NQ
fluorene NA 4767 NA 5289 14342 3856 6269
1-methlfluorene NA 780 NA 2564 3098 1238 1183
phenanthrene NA 9896 NA 46361 13615 6880 11072
anthracene1 NA 1.20 NA 1.20 1.20 1.20 1.20
2-methytphenanthrene NA 1278 NA 9366 3548 1049 1300
2-methytanthracene NA NO NA ND ND ND ND
1 -methtyphenanthrene NA 551 NA 3744 123 463 582
1 -methytanthracene NA 551 NA 3743 25G7 463 582
9-methytanthracene NA NQ NA NQ NQ NQ NQ
fluoranthene NA 1198 NA 8448 8300 1307 2539
pyrene NA 380 NA 2934 3598 1007 960
benzo(a)anthracene NA 2.48 NA 18.45 17.48 25.14 ND
chrysene NA 37.93 NA 149.52 71.83 69.19 37.09
benzo(b)fluoranthene NA 3.69 NA 9.49 6.92 10.31 2.50
benzo(k)fluoranthene NA 1.64 NA 2.30 1.44 2.42 ND
benzo(e)pyrene NA 1.74 NA 2.73 2.74 3.87 ND
benzo(a)pyrene NA ND NA 0.71 ND ND ND
perylene NA ND NA ND ND ND ND
7-methytbenzo(a)pyren< NA ND NA ND ND ND NO
indeno(1,2,3cd)pyrene NA 15.89 NA 1.86 ND ND ND
benzo(g,h,l)perylene NA ND NA 0.49 1.59 ND ND
dibenzo(ah)anthracene NA ND NA 0.39 ND ND ND
NQ= not quantifiable; sample is less than three times the blank 
ND= not detectable 
NA= not available
1 not detected, used detection limit concentration and an average air volume of 500 m3
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Appendix C. Bulk surface sediment parameters, seasonal sampling (1996-1997).
Study site Sample date TOC 
(mg 9 1)
TN 
(mg g ' )
"SOOt"C 
(mg g'1)1
"SOOt’ N
(m gg'Y
S 13C 8 
(per mil)
15N(per specific surface 
mil) area (m2 g '1)
Site CB5.4 20-Apr-96 NA NA NA NA NA NA NA
20-Jun-96 23.40 3.00 3.61 0.82 -20.76 6.83 13.1
16-Oct-96 30.60 4.20 4.75 1.18 -21.57 7.50 14.5
5-Apr-97 25.60 3.40 4.10 0.98 -20.78 7.47 14.5
SiteWT 20-Apr-96 5.30 0.73 1.32 0.20 -20.69 6.32 3.3
20-Jun-96 6.10 0.80 1.59 0.21 -20.23 6.26 3.7
16-Oct-96 6.60 0.82 1.41 0.23 -21.25 6.39 3.7
5-Apr-97 2.50 0.35 0.73 0.09 -20.90 5.44 1.6
Site LE3.6 20-Apr-96 22.30 2.90 4.58 0.93 -21.18 7.58 11.4
20-Jun-96 20.90 2.50 4.36 0.82 -21.13 7.10 11.3
20-Jun-96 (2) 21.20 2.85 4.93 0.92 -21.09 6.99 NA
16-Oct-96 22.90 3.10 4.59 0.92 -21.42 7.24 11
5-Apr-97 23.80 3.00 5.00 0.98 -21.03 8.27 13.8
Site WE4.2 20-Apr-96 26.50 3.30 6.08 1.24 -20.74 6.87 12.7
20-Jun-96 20.30 2.75 4.88 0.88 -20.48 6.43 11.1
16-Oct-96 23.00 3.10 5.24 1.01 -20.89 6.36 15.2
22-Mar-97 18.10 2.30 3.83 0.70 -21.02 7.48 12.4
Site YRPOD 20-Apr-96 18.70 2.10 3.81 0.67 -21.69 6.19 13.6
20-Jun-96 17.40 1.80 4.04 0.68 -22.47 6.36 11.2
16-Oct-96 23.60 2.60 4.72 0.80 -22.46 6.59 18.9
22-Mar-97 23.50 2.50 4.45 0.75 -22.09 6.66 15.4
NA = not available
’soot = carbon (nitrogen) remaining after thermal oxidation of sediment (Gustafsson et al.. 1997).
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Appendix Dl. Fatty «cid concentrations (ng g ‘) in surface sediments, seasonal sampling (1996-1997).
Conmonen Apr-96
Site CB5.4 
Jun-96 Oct-96 Apr-97 Apr-96
SiteWT 
Jun-96 Oct-96 Apr-97 ■
12:0 NA 0.00 0.00 0.00 0.00 0.00 0.00 0.00
i!3 NA 0.00 0.00 0.00 0.00 0.00 0.00 0.00
»13 NA 0.00 0.00 0.00 0.00 0.00 0.00 0.00
13:01 NA 0.00 0.00 0.00 0.00 0.00 0.00 0.00
13:0 NA 0.00 0.00 0.00 0.00 0.00 0.00 0.00
iI4 NA 0.00 0.00 0.00 0.00 0.00 0.00 0.00
14:1 NA 0.00 0.00 0.00 0.00 0.00 0.00 0.00
14:0 NA 17734.36 14191.99 13625.56 6855.25 2270.19 1239.56 1813.10
ilS NA 7135.65 6834.30 4710.63 678.92 1120.68 689.96 490.51
alS NA 10542.76 10815.94 7548.67 1053.36 1743.43 1328.85 967.77
15:1 NA 0.00 0.00 0.00 0.00 0.00 0.00 0.00
15:0 NA 6931.60 3395.41 3416.59 1051.63 1477.60 389.52 402.36
16:02 NA 0.00 0.00 0.00 0.00 0.00 0.00 0.00
16:lw9 NA 56812.12 39259.76 39544.72 20962.56 7196.94 3000.18 5116.52
16:lw7 NA 3388.66 2875.00 2723.28 568.42 543.79 0.00 0.00
16:0 NA 51793.81 32329.05 32078.41 10474.20 8677.41 3390.55 5313.54
il7 NA 2673.61 0.00 0.00 420.20 519.67 0.00 0.00
*17 NA 4246.64 1968.73 0.00 564.06 1159.70 0.00 0.00
17:1 NA 2356.36 1795.72 0.00 0.00 391.42 0.00 0.00
17:0 NA 4512.02 2102.21 1999.45 453.57 826.34 0.00 264.14
18:04 NA 0.00 0.00 0.00 538.18 0.00 0.00 0.00
18:3 NA 0.00 0.00 0.00 396.93 344.62 0.00 0.00
18:2 NA 0.00 0.00 0.00 385.51 334.71 0.00 0.00
18:lw9c NA 9076.02 9522.30 8537.53 2980.19 1480.10 1445.33 754.55
18:lw9t NA 23214.10 15630.21 14617.95 4583.17 3766.51 1412.35 2002.98
18:0 NA 18156.87 5400.81 5737.33 1820.94 2935.75 768.37 1749.11
IOMel9Br NA 0.00 0.00 0.00 0.00 0.00 0.00 0.00
il9 NA 0.00 0.00 0.00 0.00 0.00 0.00 0.00
a!9 NA 0.00 0.00 0.00 0.00 0.00 0.00 0.00
19:01 NA 0.00 2371.34 0.00 0.00 0.00 0.00 0.00
19:0 NA 12305.82 14555.31 10852.69 3457.37 4639.25 3135.98 2920.76
20:5w6 NA 0.00 2786.35 2331.46 1707.58 403.62 323.85 0.00
20:4w6 NA 0.00 12556.92 16396.58 10897.03 756.17 891.89 542.14
20:5w3 NA 0.00 0.00 0.00 0.00 0.00 0.00 0.00
20:3 NA 0.00 0.00 0.00 691.45 0.00 0.00 0.00
20:2 NA 3314.11 0.00 0.00 451.03 300.66 0.00 0.00
20:1 NA 0.00 0.00 1053.32 644.73 275.79 0.00 167.56
20:0 NA 9001.51 6504.24 5527.82 1738.77 3018.16 1342.47 1831.06
21:0 NA 38197.10 41466.89 30278.01 8145.89 6904.17 7184.68 5574.17
22:6w6 NA 0.00 0.00 0.00 422.27 0.00 0.00 0.00
22:6w3 NA 0.00 6545.56 12544.38 4463.15 0.00 496.44 0.00
22:5w6 NA 0.00 0.00 0.00 843.56 483.33 0.00 0.00
22:5w3 NA 5067.58 0.00 0.00 0.00 0.00 0.00 0.00
22:2 NA 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22:lw9 NA 0.00 0.00 0.00 0.00 322.24 0.00 0.00
22:0 NA 3982.33 1832.75 1899.00 331.84 573.35 0.00 0.00
23:0 NA 0.00 0.00 0.00 0.00 0.00 0.00 0.00
24:1 NA 0.00 0.00 0.00 000 0.00 0.00 0.00
24:0 NA 4284.54 3392.28 3220.44 567.53 578.50 434.42 0.00
25:0 NA 0.00 0.00 0.00 0.00 0.00 950.16 0.00
26:0 NA 2953.64 1714.04 1556.72 373.61 0.00 296.32 0.00
27:0 NA 0.00 0.00 0.00 0.00 0.00 0.00 0.00
28:0 NA 2373.50 0.00 0.00 380.47 0.00 0.00 0.00
29:0 NA 0.00 0.00 0.00 0.00 0.00 0.00 0.00
30:0 NA 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total NA 240550.28 177320.68 173542.04 75561.34 38482.52 17057.75 19584.29
NA ■ Not available
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Appendix Dl. cut. Fatty icid concentrations (ng g'1) in surface sediments, seasonal sampling (1996-1997).
Componen Apr-96 tun-96
Site LE3.6 
Jun-96 (2) Oct-96 Apr-97 Apr-96
Site WE4.2 
Jun-96 Oct-96 Apr-97 ■
12:0 0.00 0.00 0.00 0.00 2253.40 3514.19 0.00 0.00 0.00
iI3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
al3 0.00 0.00 0.00 0.00 4745.12 0.00 0.00 0.00 0.00
13:01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
13:0 0.00 0.00 0.00 0.00 1526.90 0.00 0.00 0.00 0.00
il4 0.00 1725.41 0.00 0.00 1527.24 0.00 0.00 0.00 0.00
14:1 0.00 0.00 0.00 0.00 1414.92 0.00 0.00 0.00 0.00
14:0 17665.34 12931.18 12104.58 12064.88 15076.26 73874.94 8972.92 9795.26 1249.24
il5 4069.27 5816.30 4859.98 6131.29 5130.33 9282.31 4599.35 5443.58 321.51
•  IS 7737.19 9327.77 8239.68 10637.74 9256.51 4476.14 7083.15 9818.14 1297.70
15:1 0.00 0.00 0.00 0.00 1612.87 4400.67 0.00 0.00 0.00
15:0 0.00 5063.43 4778.54 0.00 5168.17 20030.08 8259.62 0.00 662.63
16:02 4232.19 0.00 0.00 3974.34 0.00 0.00 0.00 3589.18 0.00
16:Iw9 5994.58 33707.47 32770.38 4378.88 35942.15 216927.11 39111.01 3575.95 11833.09
16:lw7 67545.91 2302.50 2062.88 34132.73 3121.39 8507.39 2038.53 25445.72 890.30
16:0 39556.99 35307.85 34075.08 34860.40 38124.40 141154.02 39412.29 26200.67 10741.97
i 17 0.00 1875.94 1684.92 0.00 2425.45 4104.33 1737.19 0.00 526.86
•  17 2392.14 2426.10 2479.79 0.00 1885.66 14534.37 6522.98 1950.82 360.98
17:1 0.00 0.00 0.00 0.00 2005.56 4441.24 1834.07 1698.25 0.00
17:0 2433.48 2546.21 3718.78 2550.38 3583.79 4895.80 2750.33 2036.44 975.45
18:04 0.00 0.00 0.00 0.00 0.00 4604.24 0.00 0.00 0.00
18:3 4123.31 0.00 0.00 0.00 0.00 4088.38 0.00 0.00 1357.27
18:2 4008.34 0.00 0.00 0.00 0.00 3974.69 0.00 0.00 1319.53
18:lw9c 9909.87 5693.63 6429.01 8452.60 5666.50 17239.95 4895.78 7775.19 719.46
I8:lw9t 17935.79 13544.49 13869.50 15384.67 15833.98 30013.82 12183.15 12920.07 9339.48
18:0 5718.68 8886.67 10561.48 5678.39 11051.83 20315.92 8665.14 4477.95 1203.47
10Mel9Br 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
il9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
•  19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
19:01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
19:0 10562.09 7217.92 8004.81 9246.97 10568.24 14956.42 9082.46 11377.15 9382.63
20:5w6 0.00 1180.47 1250.35 0.00 0.00 3872.37 0.00 0.00 79.43
20:4w6 4953.22 3216.52 3403.24 4033.30 2057.16 8627.06 0.00 2710.16 751.43
20:5w3 17279.47 0.00 0.00 7553.71 0.00 0.00 0.00 4587.47 0.00
20:3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
20:2 0.00 0.00 0.00 0.00 0.00 5965.96 0.00 0.00 816.78
20:1 0.00 0.00 0.00 0.00 1075.43 2886.08 0.00 0.00 394.04
20:0 5877.80 5485.45 6322.65 5006.83 7626.78 12497.99 6780.33 5977.33 7221.51
21:0 32877.74 34445.05 35110.26 41953.29 26367.12 60616.82 30769.23 41063.76 23291.93
22:6w6 0.00 0.00 0.00 0.00 0.00 3133.91 0.00 0.00 0.00
22:6w3 11345.94 0.00 0.00 6477.69 0.00 2970.40 0.00 3122.66 1071.64
22:5w6 0.00 0.00 0.00 0.00 0.00 5873.57 0.00 0.00 789.24
22:5w3 1960.90 0.00 10796.58 0.00 6020.01 2812.26 0.00 0.00 450.73
22:2 7768.40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22:lw9 0.00 0.00 0.00 0.00 0.00 3050.50 0.00 0.00 422.57
22:0 0.00 2015.61 1907.60 0.00 1695.22 4148.24 2060.21 1754.60 926.43
23:0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
24:1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
24:0 2689.61 3014.89 2474.17 2637.73 1575.54 2965.67 3150.72 3204.57 387.65
25:0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
26:0 1776.65 0.00 0.00 0.00 0.00 0.00 0.00 1733.32 0.00
27:0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
28:0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
29:0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
30:0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 241097.30 150582.44 157466.54 158948.72 179775.77 636685.61 153276.42 131840.00 48888.86
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Appendix DI. ctd. Fatty acid concentrations (ng g~‘) in surface sediments, seasonal sampling ( 1996* 1997).
Componen Apr-96
SiteYRPOD 
Jun-96 Oct-96 Anr-97
12:0 2095.28 0.00 0.00 0.00
il3 0.00 0.00 0.00 0.00
al3 0.00 0.00 0.00 0.00
13:01 0.00 0.00 0.00 0.00
13:0 0.00 0.00 0.00 0.00
il4 0.00 0.00 0.00 0.00
14:1 0.00 0.00 0.00 0.00
14:0 13785.92 4630.72 2258.55 4087.85
ilS 3895.72 3345.37 1948.41 3499.71
aI5 5338.66 4648.04 3057.82 5220.10
15:1 0.00 0.00 0.00 0.00
15:0 3018.69 2113.50 776.81 2092.12
16:02 0.00 0.00 0.00 0.00
I6:lw9 0.00 14347.74 6886.35 10652.20
16:lw7 20722.47 1067.01 789.92 0.00
16.0 31335.42 25338.88 8360.16 13962.81
tl7 0.00 1242.45 0.00 0.00
aI7 1585.09 838.50 0.00 0.00
17:1 1448.41 783.90 0.00 0.00
17:0 2112.49 2236.99 0.00 0.00
18:04 0.00 0.00 0.00 0.00
18:3 0.00 1545.52 0.00 0.00
18:2 0.00 1501.09 0.00 0.00
18:lw9c 9764.78 4589.59 3703.52 4333.87
18:lw9t 8067.80 8543.57 4071.98 4649.32
18:0 5594.49 11002.65 1804.18 2492.81
I0Mel9Br 0.00 0.00 0.00 0.00
i 19 0.00 0.00 0.00 0.00
a!9 0.00 0.00 0.00 0.00
19:01 0.00 0.00 0.00 0.00
19:0 7001.48 6555.81 7339.35 6635.09
20:5w6 0.00 1178.88 0.00 1464.23
20:4w6 1804.98 2229.37 1652.81 2232.41
20:5w3 6335.76 0.00 0.00 0.00
20:3 0.00 0.00 0.00 0.00
20:2 0.00 0.00 0.00 0.00
20:1 734.51 0.00 0.00 0.00
20:0 4108.56 5336.66 3280.77 2664.28
21:0 20763.23 15000.00 19477.26 21661.69
22:6w6 0.00 0.00 0.00 0.00
22:6w3 14054.49 1112.06 1844.41 1758.65
22:5w6 0.00 0.00 0.00 0.00
22:5w3 0.00 4591.42 0.00 0.00
22:2 0.00 0.00 0.00 0.00
22:lw9 0.00 0.00 0.00 0.00
22:0 1455.54 1303.64 1116.76 1110.42
23:0 0.00 0.00 0.00 0.00
24:1 0.00 0.00 0.00 0.00
24:0 1813.74 1265.16 1783.65 1892.24
25:0 0.00 0.00 0.00
26:0 0.00 0.00 0.00
27:0 0.00 0.00 0.00
28:0 0.00 0.00 0.00
29:0 0.00 0.00 0.00
30:0 0.00 0.00 0.00
Total 134964.23 99456.06 40055.31 59448.72
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Appendix E. Bulk surface grab sediment
Site Grab TOC TN C/N
LY A 1.98 0.261 8.85
LY A 1.96 0.259 8.83
LY A 1.97 0.265 8.67
LY B 2.01 0.253 9.27
LY B 1.98 0.257 8.99
LY B 1.9 0.256 8.66
LY C 2.05 0.250 9.57
LY C 1.9 0.242 9.16
LY C 1.99 0.251 9.25
LY D 2.13 0.278 8.94
LY D 2.12 0.274 9.03
LY D 2.13 0.272 9.14
LY E 1.78 0.230 9.03
LY E 1.76 0.225 9.13
LY E 1.78 0.228 9.11
POD A 2.3 0.248 10.82
POD A 2.27 0.249 10.64
POD A 1.94 0.206 10.99
POD B 2.37 0.264 10.47
POD B 2.37 0.258 10.72
POD B 2.39 0.265 10.52
POD C 2.1 0.229 10.70
POD C 2.1 0.232 10.56
POD C 2.07 0.218 11.08
POD D 2.18 0.242 10.51
POD D 2.18 0.239 10.64
POD D 2.23 0.250 10.41
POD E 2.05 0.218 10.97
POD E 2.07 0.211 11.45
POD E 1.97 0.204 11.27
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concentrations (ng g ') in surface grab samples (March 2000).
Comoonent LYA LYB LYC POOA POOB PODC
120 1436.91 976.74 1065.59 643.00 694.53 639.79
•i13* 298.59 0.00 205.35 161.70 205.52 183.69
*a13* 0.00 0.00 0.00 0.00 0.00 0.00
•13:1* 0.00 0.00 0.00 0.00 0.00 0.00
13:0 781.77 638.90 615.91 304.62 377.92 370.81
*i14* 2124.70 1557.57 1814.28 1188.47 1443.92 1336.92
14:0 19126.39 15393.97 18722.86 9282.66 12062.55 13322.81
115 5241.00 3819.27 4168.08 3597.47 4482.80 4223.37
a15 7285.00 5722.04 5556.03 4302.30 5278.85 5077.49
15:1 1468.68 1339.96 1597.37 761.46 933.00 1080.54
15:0 9092.18 7950.81 9149.56 3773.95 4806.91 5181.81
16:4 3115.01 2481.41 3112.01 1740.20 2302.83 2628.74
16:3/i16 6096.64 4408.87 5062.29 4245.67 5506.46 5874.05
16:1w9 2392.91 1827.37 2002.53 1641.58 1921.04 1682.54
*16:1w7* 58499.30 48811.12 61552.66 26059.82 34015.78 39768.27
16:1w5 3692.24 2784.07 3427.98 2082.63 2382.89 2363.20
16:0 48188.19 37701.88 49653.33 26218.97 35805.53 45559.98
10me17 3341.81 2566.76 2483.65 2272.71 2971.40 2958.41
i17 1530.34 1027.24 1391.86 985.54 1439.17 1678.85
a17 1514.77 3919.82 6032.26 1116.43 1522.54 1607.74
17:1 2493.26 2010.95 2458.73 1339.51 2069.75 2043.02
17:0 3298.69 2943.92 3242.28 1781.94 2675.45 3222.82
*18:4* 0.00 0.00 0.00 0.00 0.00 0.00
18:3 5130.85 3550.46 5697.16 3392.22 4674.90 6977.52
18:2 4970.96 4607.37 5464.34 3635.67 3971.22 4773.50
18:1w9c 6473.13 4962.89 6591.19 3743.76 4569.56 5139.26
18:1w9t/w7 20015.18 14873.95 20810.46 8914.00 12464.91 18304.00
18:0 8623.21 6591.37 8597.08 4966.12 7147.90 12834.99
•i19* 0.00 0.00 0.00 0.00 0.00 0.00
*a19* 0.00 0.00 0.00 0.00 0.00 0.00
•19:1* 0.00 0.00 0.00 0.00 0.00 0 00
19:0 17008.68 11401.94 16950.06 10881.32 14315.62 14517.49
•20:5w6* 0.00 0.00 0.00 0.00 0.00 0.00
20:4w6 7135.07 6104.06 6698.62 3533.67 4946.51 5504.74
20:5w3 21863.49 19280.10 26752.57 9996.52 15585.98 27610.11
20:3 1463.32 1281.66 1604.36 759.67 1344.73 2453.36
20:2 0.00 0.00 0.00 0.00 0.00 0.00
20:1w9 1455.68 1046.85 1096.94 625.27 876.24 1519.77
20:1w7 1076.52 895.30 1505.72 518.49 1136.36 2510.23
20:0 15022.13 10005.22 14707.86 10620.74 14211.20 15531.59
21:0 4107.24 4389.68 4383.51 4567.18 4280.46 4012.63
*22:6w6* 1380.32 1041.72 1421.04 517.83 956.34 1363.54
22:6w3 10702.59 8880.17 15736.14 5301.67 8161.07 16544.42
*22:Sw6* 1811.95 1400.71 2321.63 421.32 1193.46 2670.79
*22:5w3* 0.00 0.00 0.00 0.00 0.00 0.00
22:2 0.00 0.00 0.00 0.00 0.00 0.00
22:1w9 0.00 0.00 2432.13 0.00 0.00 2697.04
22:0 4504.16 3078.57 4499.82 2891.63 4244.38 5152.49
23:0 975.16 589.63 939.13 702.22 1026.75 1228.90
24:1 0.00 0.00 0.00 0.00 0.00 0.00
24:0 6868.70 4674.12 6783.01 4082.02 6048.08 7206.15
25:0 1033.69 622.78 1003.35 644.83 1000.48 1193.10
26:0 4196.78 2890.96 4372.66 2642.50 4052.99 4744.16
27:0 547.14 388.63 824.72 379.79 723.96 887.80
28:0 2429.02 2839.54 2621.29 1718.98 2706.10 3315.07
30:0 1370.65 942.05 1435.09 1034.21 1546.80 1920.71
Total Fatty Acids 295045.98 238425.52 312723.07 153923.01 211277.58 277356.51
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Appendix F2. Solvent extractatole alcohol and atefol concentration* (ng q '1) in surface grab samples (March 2000). 
_______________________________LYA LYB LYC POOA POOB POOC
195
C I40H 8767.55 9388.14 7372.42 9621.77 8925.85 7193.03
CISOH 704.84 781.84 522.35 0.00 389.52 354.15
C I60H 1455.09 1879.83 1093.12 1250.11 1047.93 849.98
C I80H 1146.14 1753.69 968.09 191221 962.53 894.15
Phytol 14617.51 20507.40 11856.18 18592.68 18506.15 14303.72
C I90H 16506.65 19100.56 15042.80 20636.15 18499.59 1459104
C20OH 1354.36 186220 111627 1514.87 1332.00 1102.95
unk alcohol 0.00 0.00 0.00 0.00 0.00 0.00
C220H 7140.76 673127 5701.41 5068.38 4958.66 5140.49
C230H 0.00 544.79 0.00 399.20 392.69 304.47
C240H 909.43 1298.56 856.87 1264.38 1499.88 1028.36
C260H 0.00 0.00 0.00 0.00 0.00 0.00
C280H 2255.72 1100.78 836.01 1767.26 1604.07 1362.88
C290H 0.00 0.00 0.00 0.00 0.00 0.00
C30OH 683.35 558.63 0.00 411.47 410.87 395.69
Sa cholestane 1543.96 1653.55 1648.23 1720.13 1611.95 1512.09
unknown 1 0.00 0.00 0.00 0.00 0.00 0.00
24-norchlolesla-5,22-dien-3&-ol 2600.84 2450.49 2287.76 2264.55 2150.57 2659.13
24>nor-3a-cholcsta-22-en-3fFol 951.95 946.13 636.17 704.84 676.17 522.60
S3-ctwlestan-3P-oi 0.00 0.00 0.00 0.00 0.00 0.00
5p-cholestan-3a-ol 375.11 368.98 0.00 345.38 0.00 0.00
27-nor-24-mcthylcholesta-3.22-diei 555.59 680.59 445.21 0.00 343.19 291.57
cholesta-3.22-dien-3pml 2972.44 2954.31 2581.62 2170.04 2141.45 2175.52
5a(H)-cholest-22-en-3fJ*)l 765.23 772.51 603.10 703.29 576.35 490.13
cholest-5-en-3pol 12787.87 14461.36 11474.84 10014.56 9405.69 10157.21
5a-cholesun-3&-ol 302220 3292.19 2322.51 3113.88 2643.77 2581.19
cholesta-7.22-dien-3(3-ol 34622 0.00 0.00 0.00 0.00 0.00
24-methy!cholesa-522-dien-3(3-ol 7593.81 753026 6664.55 5293.33 4911.54 5777.12
4a-methylcholesta-8< 14).22-dien-3 2139.80 0.00 0.00 0.00 0.00 0.00
24>methylcholest-22-en-3f3-ol 2521.77 92728 829.96 1945.75 1697.46 1346.91
cholest-7-en-3Pol 0.00 0.00 0.00 0.00 0.00 0.00
4a-oiethy lcholest-8( 14>-en-3^-ol 938.78 908.33 4160.88 1124.69 1065.68 895.91
4a-methylcholestan-3(3-ol 0.00 0.00 0.00 0.00 0.00 0.00
24-mcthylcholcsta-5,24(28Mien-3| 5816.65 6693.64 5257.47 5113.95 5880.39 7189.38
24-methylchoiest-S-en-3|)-ol 5770.17 5355.94 4307.52 5335.22 5201.79 4884.71
24-melhyl-5a(H)-cholestan-3p-ol 1264.05 1081.09 863.13 1703.06 1558.30 1359.74
23,24-dimcthylcholesta-S,22-dien-3 2999.04 3004.77 2337.66 2131.63 2013.33 1888.88
24-ethylcholestt-5.22-dien-3p-ol 5000.81 5805.16 382320 4502.39 4117.06 4118.02
23,24-dimethyl-5a(H)-cholesl-22-e 0.00 0.00 0.00 0.00 0.00 0.00
24-ethylcholest-22-en-3a-ol 1291.05 1302.01 1113.30 993.79 924.21 847.79
24-«thyl-5a(H)-cholest-22-«n-3(3-o 1291.05 0.00 1113.30 993.79 924.21 847.79
4-methyl-C29-<i22-sanol 0.00 0.00 0.00 0.00 0.00 0.00
24>methylcholest-7-en-3a-ol 0.00 0.00 0.00 0.00 0.00 0.00
23,24-ditnethylcholcst-S-cn-3f3-ol 0.00 0.00 0.00 0.00 0.00 0.00
24-cthylcholest-5-en-3P-ol 8508.01 14554.23 7060.13 9597.03 8300.45 8151.20
24-«thyl-5a(H)-chole3t-3(3-ol 2518.56 2667.52 2065.30 3768.69 3521.98 2952.82
24-ethylcholcsta-S,24428)-dien-3P- 2182.83 3950.46 2319.06 1381.34 1240.73 1406.05
4a,23.24-triinethylcholest-22-en-3f 6013.44 6592.95 5932.00 5639.96 5153.36 4282.02
unknown 6 0.00 0.00 0.00 0.00 0.00 0.00
Sa(H)-C29 stenol (possibly A7or X 941.50 935.31 811.09 409.47 0.00 0.00
4aJ3,24trimethylcholesi-17(20)-en 0.00 0.00 0.00 0.00 0.00 0.00
4a^3.24-trimethylcholst-8( 14)en- 0.00 0.00 0.00 0.00 0.00 0.00
hopan-3P-ol 1197.40 956.55 707.36 388.76 0.00 365.13
extended hopanol 0.00 2517.87 3572.09 2425.70 1566.35 0.00
total alcohols 30467.20 36819.00 22950.31 32180.56 31104.30 25736.85
total sterols 82366.15 90709.93 73269.21 72065.09 66014.06 65190.83
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LYA LYB LYC LYD LYE PODA PODB PODC POOD POOE
naphthalene 23.08 37.51 68.51 28.74 53.56 22.26 26.56 30.81 27.77 88.73
acenaphthylene 7.50 NO 31.20 13.07 32.78 7.00 15.73 6.61 18.40 68.47
acenaphthene 4.77 NQ 20.50 NQ NQ NQ NQ 6.34 18.78 NQ
fluorene 5.90 5.65 4.72 2.34 2.71 5.30 6.23 6.07 2.72 3.82
1-methylfluorene 3.36 3.89 3.40 2.32 2.17 3.66 3.37 0.00 2.11 2.89
phenanthrene 37.53 30.26 29.27 24.58 21.07 32.32 32.76 31.64 20.89 26.98
anthracene 8.90 8.31 7.20 0.00 0.00 5.91 8.20 5.20 6.27 6.73
2-methylphenanthrei 12.49 11.91 9.82 9.62 9.15 9.66 9.23 8.63 6.68 9.14
2-methylanthracene 2.11 2.42 1.91 1.41 1.45 1.99 2.35 1.66 1.71 2.05
1 -methy lanthracene 9.62 10.52 8.17 7.88 7.49 8.55 8.09 7.90 6.40 8.60
I -methylphenanthrei 8.54 8.75 7.23 6.58 6.53 8.29 7.61 7.68 5.93 7.85
9-methylanthacene 0.00 0.00 0.00 2.89 2.69 0.00 0.00 0.00 0.00 2.06
fluoranthene 65.51 60.06 50.13 37.99 33.55 60.69 68.57 62.11 42.22 61.67
pyrene 64.36 62.21 50.93 37.49 32.94 57.41 65.52 55.76 38.91 56.33
benz(a)anthiacene 25.68 26.42 22.15 16.20 13.58 22.93 25.60 23.67 18.52 24.43
chrysene 26.61 26.59 21.58 17.83 15.14 23.38 23.42 21.71 20.34 20.81
benz(b)fluoranthene 56.48 59.46 53.57 41.55 34.99 57.69 59.02 62.49 40.88 57.28
benz(k)fluoranthene 21.15 23.62 22.61 15.27 14.05 23.87 21.71 17.57 15.01 21.11
benzo(e)pyrene 39.01 43.61 38.90 27.19 23.54 39.35 40.16 40.07 26.86 37.12
benzo(a)pyiene 34.90 37.94 34.10 24.21 18.17 25.01 32.62 26.49 20.38 28.57
pcrylene 62.75 74.64 75.63 52.90 45.35 115.03 119.49 102.20 84.82 117.95
7-methylbenzo(a)pyi 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
indeno( 123cd)pyren> 44.16 41.82 39.55 33.98 25.54 40.78 42.79 29.64 29.65 35.93
benz(ghi)perylene 34.50 34.88 29.54 26.34 21.19 29.13 31.96 28.08 22.82 28.20
dibenz(ah)anthracen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 5.25 0.00
total PAH 500.78 498.32 434.78 335.66 285.94 455.92 489.21 436.37 333.54 441.54
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Appendix G1. Bulk sediment characteristics for downcore sampling (1999) at LY and POD: TOC, TN.
POD box core
Depth avg %OC stdev OC avg %N stdev N c v m o c  cv(%t n C/Na pooled SD
0-2 cm 2.32 0.01 0.24 0.00 0.24 0.87 11.13 0.10
2-4 cm 2.34 0.01 0.24 0.00 0.30 1.48 11.38 0.17
4-6 cm 2.73 0.00 0.27 0.00 0.16 0.26 11.83 0.04
6-8 cm 2.82 0.04 0.28 0.00 1.50 0.50 11.58 0.18
8-10 cm 2.55 0.00 0.26 0.00 0.17 0.54 11.46 0.07
10-12 cm 2.28 0.06 0.23 0.01 2.59 3.81 11.59 0.53
12-14 cm 2.21 0.00 0.23 0.00 0.19 0.61 11.22 0.07
14-16 cm 2.03 0.01 0.21 0.00 0.52 0.67 11.30 0.10
16-18 cm 1.99 0.01 0.20 0.00 0.53 0.35 11.46 0.07
18-20 cm 2.05 0.06 0.20 0.00 3.05 2.32 11.76 0.45
20-22 cm 2.08 0.05 0.20 0.00 2.21 1.03 12.46 0.30
POD Kasten core
Depth avg %OC stdev OC avg %N stdev N CV(%)OC CV(%) N C/Na pooled SD
0-2 cm 2.35 0.04 0.25 0.00 1.75 1.15 11.10 0.23
2-4 cm 2.27 0.01 0.23 0.00 0.65 1.21 11.36 0.16
4-6 cm 2.59 0.00 0.26 0.00 0.03 0.28 11.83 0.03
6-8 cm 2.56 0.00 0.26 0.00 0.11 0.55 11.71 0.07
8-10 cm 2.82 0.04 0.28 0.00 1.38 0.76 11.73 0.18
12-14 cm 2.21 0.03 0.23 0.00 1.31 0.93 11.31 0.18
16-18 cm 1.88 0.02 0.19 0.00 1.17 0.74 11.42 0.16
20-22 cm 2.02 0.01 0.20 0.00 0.70 0.00 11.79 0.08
24-26 cm 2.03 0.01 0.20 0.01 0.42 2.90 12.13 0.36
28-30 cm 2.57 0.03 0.23 0.00 1.29 0.30 12.91 0.17
32-34 cm 2.05 0.01 0.19 0.00 0.38 2.21 12.46 0.28
34-36 cm 1.90 0.03 0.17 0.00 1.68 0.33 13.02 0.22
36-38 cm 1.69 0.01 0.16 0.00 0.54 1.31 12.16 0.17
40-42 cm 1.61 0.03 0.15 0.00 1.97 1.85 12.30 0.33
44-46 cm 1.54 0.01 0.14 0.00 0.37 0.98 12.50 0.13
48-50 cm 1.51 0.00 0.14 0.00 0.33 1.01 12.58 0.13
53-55 cm 1.32 0.04 0.12 0.00 2.94 0.00 12.99 0.38
58-60 cm 1.23 0.04 0.11 0.00 3.06 0.00 12.89 0.39
63-65 cm 1.23 0.03 0.11 0.00 2.45 1.90 13.71 0.43
68-70 cm 1.21 0.05 0.11 0.00 3.79 3.26 13.03 0.65
73-75 cm 1.21 0.01 0.10 0.00 0.44 2.21 13.50 0.30
78-80 cm 1.52 0.01 0.12 0.00 0.42 1.81 15.09 0.28
83-85 cm 1.08 0.01 0.10 0.00 0.92 0.00 13.23 0.12
88-90 cm 1.20 0.02 0.11 0.00 1.47 2.67 13.25 0.40
93-95 cm 1.05 0.01 0.09 0.00 0.68 0.76 13.19 0.13
98-100 cm 1.09 0.02 0.10 0.00 1.49 0.73 13.02 0.22
118-120 cm 1.30 0.00 0.11 0.00 0.00 0.00 13.52 0.00
128-130 cm 1.54 0.00 0.13 0.00 0.23 2.75 13.98 0.39
138-140 cm 1.20 0.00 0.11 0.00 0.18 0.66 13.01 0.09
148-150 cm 1.23 0.02 0.11 0.00 2.01 2.55 12.96 0.42
170-172 cm 1.34 0.06 0.11 0.00 4.18 3.70 13.84 0.77
190-192 cm 1.51 0.02 0.13 0.00 1.50 2.16 13.47 0.35
210-212 cm 1.58 0.02 0.14 0.00 1.08 0.00 13.52 0.15
230-232 cm 1.64 0.01 0.14 0.00 0.91 0.50 13.52 0.14
250-252 cm 2.19 0.01 0.18 0.00 0.35 0.39 14.16 0.07
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Appendix G1. ctd. Bulk sediment characteristics for downcore sampling (1999) at LY and POO: TOC, TN.
LY box core 
Depth avg%OC stdev OC avg%N stdev N CV(%)OC CV(%)N C/Na pooled SD
0-2 cm 2.13 0.03 0.28 0.00 1.46 1.50 8.78 0.18
2-4 cm 2.29 0.01 0.31 0.01 0.65 3.25 8.77 0.29
4-6 cm 2.32 0.02 0.31 0.00 0.76 0.23 8.79 0.07
6-8 cm 2.30 0.00 0.30 0.00 0.18 0.94 8.93 0.09
8-10 cm 2.21 0.03 0.29 0.00 1.44 1.48 8.99 0.19
10-12 cm 2.15 0.01 0.28 0.00 0.39 0.76 9.05 0.08
12-14 cm 2.12 0.01 0.27 0.00 0.57 0.78 9.10 0.09
14-16 cm 2.11 0.01 0.27 0.00 0.44 0.79 9.17 0.08
16-18 cm 2.06 0.00 0.26 0.01 0.07 3.00 9.25 0.28
18-20 cm 2.03 0.03 0.26 0.00 1.26 0.55 9.27 0.13
20-22 cm 1.91 0.11 0.24 0.01 5.97 6.03 9.36 0.79
22-24 cm 1.99 0.03 0.25 0.00 1.35 1.42 9.30 0.18
24-26 cm 2.03 0.01 0.25 0.00 0.52 1.39 9.33 0.14
26-28 cm 1.99 0.00 0.25 0.00 0.04 0.58 9.45 0.05
28-30 cm 1.99 0.01 0.24 0.01 0.32 2.64 9.63 0.26
LY Kasten core
Depth avg %OC stdev OC avg %N stdev N CV(%)OC CV(%) N C/Na pooled SD
0-2 cm 2.12 0.11 0.27 0.02 5.03 7.64 9.23 0.84
2-4 cm 2.17 0.08 0.28 0.01 3.65 3.54 9.04 0.46
4-6 cm 2.19 0.02 0.28 0.00 0.94 1.49 9.00 0.16
6-8 cm 2.15 0.03 0.28 0.01 1.19 2.79 8.99 0.27
8-10 cm 2.07 0.03 0.26 0.00 1.33 1.61 9.18 0.19
12-14 cm 2.18 0.02 0.27 0.00 0.97 0.52 9.32 0.10
16-18 cm 2.02 0.03 0.25 0.01 1.36 3.38 9.41 0.34
20-22 cm 1.77 0.00 0.22 0.00 0.08 0.65 9.47 0.06
24-26 cm 1.90 0.02 0.23 0.00 0.87 0.14 9.75 0.09
28-30 cm 1.87 0.02 0.22 0.00 0.87 1.33 9.79 0.16
32-34 cm 1.98 0.02 0.24 0.00 1.08 0.36 9.54 0.11
36-38 cm 1.92 0.03 0.23 0.00 1.52 0.92 9.72 0.17
40-42 cm 1.85 0.06 0.22 0.00 3.11 0.64 9.98 0.32
44-46 cm 1.93 0.05 0.22 0.00 2.72 2.20 10.18 0.36
48-50 cm 1.86 0.07 0.22 0.00 3.54 0.11 9.98 0.35
53-55 cm 1.83 0.01 0.21 0.00 0.54 0.29 10.12 0.06
58-60 cm 1.58 0.06 0.18 0.00 3.71 2.15 10.19 0.44
63-65 cm 1.49 0.01 0.17 0.00 0.98 1.58 10.00 0.19
68-70 cm 1.54 0.06 0.18 0.01 3.82 4.70 10.21 0.62
73-75 cm 1.52 0.05 0.17 0.00 3.04 2.63 10.32 0.42
78-80 cm 1.48 0.00 0.17 0.00 0.24 1.23 10.03 0.13
83-85 cm 1.45 0.00 0.17 0.00 0.29 0.42 9.96 0.05
88-90 cm 1.47 0.00 0.17 0.00 0.00 0.41 9.90 0.04
93-95 cm 1.45 0.01 0.17 0.00 0.64 0.82 9.76 0.10
98-100 cm 1.49 0.00 0.18 0.00 0.09 0.79 9.66 0.08
108-110 cm 1.36 0.01 0.16 0.00 0.52 0.88 9.85 0.10
118-120 cm 1.41 0.00 0.17 0.00 0.05 0.85 9.87 0.08
128-130 cm 1.22 0.08 0.15 0.00 6.40 0.55 9.49 0.61
138-140 cm 1.36 0.01 0.16 0.00 0.68 0.45 9.98 0.08
148-150 cm 1.24 0.03 0.15 0.00 2.25 1.27 9.65 0.25
170-172 cm 1.23 0.01 0.14 0.00 0.87 2.02 10.21 0.22
190-192 cm 1.04 0.02 0.12 0.00 1.84 1.78 10.12 0.26
210-212 cm 1.06 0.01 0.12 0.00 1.20 1.73 10.09 0.21
230-232 cm 1.09 0.00 0.13 0.00 0.13 0.00 10.18 0.01
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Appendix G2. Bulk sediment characteristics tar 
downcore sampiinq (1999) at LY and POD: OC and
POD
sample ID m.p. Depth S'*N 813C
(cm) (per mil) (per mil)
POD A 0 5.80 •22.19
POOD 0 6.19 -22.05
POO E 0 5.99 -22.14
PODE 0 6.31 -22.25
BC 0-2 1 6.33 -22.74
BC4-6 5 6.46 -22.75
BC6-8 7 6.24 -23.14
BC 6-8 7 6.40 -23.03
BC 8-10 9 6.48 -22.95
BC 12-14 13 6.61 -22.36
BC 16-18 17 6.61 -22.42
KC 20-22 21 6.49 •22.54
KC 28-30 29 6.05 •22.62
KC 30-32 31 6.30 -22.71
KC 34-36 35 6.56 -22.73
KC 34-36 35 6.63 -22.81
KC 36-38 37 6.26 •22.55
KC 40-42 41 6.36 -22.68
KC 44-46 45 6.05 •22.64
KC 48-50 49 6.14 -22.53
KC 53-55 54 5.46 •22.64
KC 58-60 59 4.94 -22.96
KC 58-60 59 4.89 -22.99
KC 78-80 79 4.57 -22.55
KC 98-100 99 4.76 -22.80
KC 128-130 129 5.10 -22.77
KC 170-172 171 5.21 -22.75
KC190-192 191 5.31 -22.66
KC 250-252 251 5.50 -22.46
average 5.91 -22.71
stdev 0.68 0.20
LY
sample ID m.p. Depth s '5n S,3C
(cm) (per mil) (per mil)
LYA 0 6.85 -20.88
LY B 0 6.56 -21.07
LYD 0 7.01 -20.94
LYD 0 7.19 -20.90
BC0-2 1 7.17 -20.86
BC 2-4 3 7.16 -20.75
BC 2-4 3 7.51 -20.77
BC 6-8 7 7.05 -20.97
BC8-10 9 7.21 -21.04
BC 10-12 11 7.18 -21.00
BC 12-14 13 7.32 -20.94
BC 18-20 19 7.35 -21.15
BC 18-20 19 7.50 -21.04
BC 26-28 27 7.46 -20.97
KC 32-34 33 7.84 -20.79
KC 63-65 64 7.50 -21.07
KC 98-100 99 6.91 -20.62
KC 128-130 129 6.61 -21.02
KC 148-150 149 6.35 -21.21
KC 148-150 149 6.39 -21.14
KC 190-192 191 5.96 -21.11
avg. 7.09 -20.97
stdev 0.50 0.16
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Appendix G3. Bulk sediment characteristics for downcore sampling (1999) at LY and 
POD: Specific surface area (SSA).___________________________________________
Site POD 
TOC SSA SSA redo % diff TOC/SSA
BC 0-2 23.2 18.72 1.2
BC 6-8 28.2 43.25 25.92 40.08 1.1
KC 20-22 20.2 19.55 1.0
KC 28-30 25.7 14.56 1.8
KC 36-38 16.9 20.96 0.8
KC 48-50 15.1 14.62 1.0
KC 53-55 13.2 13.48 1.0
KC 58-60 12.3 16.47 0.7
KC 128-130 15.4 19.07 0.8
KC 190-192 15.2 20.73 19.84 4.31 0.7
avg SSA 18.54 avg TOC/SSA 1.0
Site LY 
TOC SSA SSA redo %diff TOC/SSA
BC 0-2 21.3 18.76 1.1
BC 8-10 22.1 19.69 1.1
BC 10-12 21.5 19.57 1.1
KC 16-18 20.2 17.48 1.2
KC 32-34 19.8 20.46 20.68 1.09 1.0
KC 63-65 14.9 18.90 0.8
KC 98-100 14.9 20.36 0.7
KC 128-130 12.2 19.52 0.6
KC 148-150 12.4 20.06 0.6
KC 190-192 10.4 17.53 0.6
avg. SSA 19.23256 avg TOC/SSA 0.9
t-Test: Two-Sample Assuming Unequal Variances
POD SSA LYSSA
Mean 18.53889 19.36415
Variance 12.92614 1.209481
Observations 11 11
Hypothesized Mean Difference 0
df 12
tStat -0.72799
P(T<=t) one-tail 0.240291
t Critical one-tail 1.782287
P(T<=t) two-tail 0.480583
t Critical two-tail 2.178813
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Appendix G4. Bulk sediment characteristics for downcore sampling (1999) at 
LY and POD: Eh. ________________
calibration of probe:
T=22 deq C msrid Eh theor Eh diff avg diff
pH=4.0 243.4 220.66 22.74 12.91
pH=7.0 47.7 44.62 3.08
OD Temp= 26 POD Temp= 21.8
ax Core Kasten Core, 60-120 cm
depth mV Eh ref corr mV Depth mV Eh ref corrmV
1 120.3 230.70 351.00 -1 -166.9 233.46 66.56
0 -38.3 230.70 192.40 -2 -198 233.46 35.46
-1 -55.3 230.70 175.40 -3 -199.9 233.46 33.56
-2 -62 230.70 168.70 -4 -210.7 233.46 22.76
-3 -184.1 230.70 46.60 -5 -152.5 233.46 80.96
-4 -40.8 230.70 189.90 -10 -219.6 233.46 13.86
-5 -111.5 230.70 119.20 -20 -236.5 233.46 -3.04
-6 -87.9 230.70 142.80 -30 -237.8 233.46 -4.34
-7 -79.2 230.70 151.50 -40 -68 233.46 165.46
-8 -93.5 230.70 137.20 air pockets, reading approaching 0.
-9 -66.7 230.70 164.00
-10 -88.8 230.70 141.90
-15 -93.8 230.70 136.90
-20 •98.9 230.70 131.80
-25 -160.3 230.70 70.40
-30 -106.2 230.70 124.50
-35 -154.2 230.70 76.50
-40 -102.8 230.70 127.90
POD Temp= 25
Kasten Core, 0-60 cm
Depth mV Eh ref corr mV
0.5 -140.1 231.36 91.26
-0.5 -141.5 231.36 89.86
-1.5 -107.8 231.36 123.56
-2.5 -129.1 231.36 102.26
-3.5 -135.2 231.36 96.16
-4.5 -128.5 231.36 102.86
-5.5 -95.8 231.36 135.56
-6.5 -90 231.36 141.36
-7.5 -59.3 231.36 172.06
-8.5 -107.5 231.36 123.86
-9.5 -136.8 231.36 94.56
-10.5 -63.1 231.36 168.26
-15.5 -89.5 231.36 141.86
-20.2 -124.5 231.36 106.86
-25.5 -73.1 231.36 158.26
-30.5 -103.5 231.36 127.86
-35.5 -156.9 231.36 74.46
-40.5 -162.7 231.36 68.66
-45.5 -115.1 231.36 116.26
-50.5 -121.9 231.36 109.46
possible pockets of air and water down side of xray tube
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2 0 2
Appendix G4, ctd. Bulk sediment characteristics for downcore sampling (1999)
at LY and POD: Eh._________________________
calibration of probe:
T=23degC msr'dEh theorEh diff avg diff 
pH=4.0 252.3 219.74 32.56 24.62
pH=7.0__________ 60 43.32 16.68_______
LY Temp= 21.1
Box Core 1 .4-in tube, sed 27cm high
depth mV Eh ref corr mV
0.5 100 222.21 322.21
-0.5 -70.7 222.21 151.51
-1.5 -174 222.21 48.21
-2.5 -168.9 222.21 53.31
-3.5 -147.8 222.21 74.41
-4.5 -209.3 222.21 12.91
-5.5 -250.8 222.21 -28.59
-6.5 -222.3 222.21 -0.09
-7.5 -258.1 222.21 -35.89
-8.5 -241 222.21 -18.79
-9.5 -289.2 222.21 -66.99
-10.5 -285.9 222.21 -63.69
-15.5 -295.2 222.21 -72.99
-20.5 -251.5 222.21 -29.29
LY Temp= 20.4
Box Core 2, x-ray tube, 41 cm high
Depth (cm) mV Eh ref corr mV
0.25 28.9 222.66 251.56
-0.75 -119.8 222.66 102.86
-1.75 -172.8 222.66 49.86
-2.75 •200 222.66 22.66
-3.75 -237.4 222.66 -14.74
-4.75 -233.3 222.66 -10.64
-5.75 -242.1 222.66 -19.44
-6.75 -223.7 222.66 -1.04
-7.75 -241.8 222.66 -19.14
-8.75 -238.6 222.66 -15.94
-9.75 -192.3 222.66 30.36
-10.75 -255.4 222.66 -32.74
-15.75 -246.2 222.66 -23.54
-20.75 -337.9 222.66 -115.24
-25.75 -307.8 222.66 -85.14
-30.75 -323 222.66 -100.34
-35.75 -297.6 222.66 -74.94
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Appendix G5. Bulk sediment characteristics for downcore
sampling (1999) at LY and POD: water content.__________
POD LY
Depth (cm) % water Depth (cm) % water
1 63.38 1 67.68
3 62.64 3 67.66
5 64.32 5 66.65
7 70.64 7 65.94
9 66.22 9 66.09
11 61.04 13 68.43
13 66.42 17 64.87
15 73.75 21 61.67
17 67.96 25 61.52
19 40.38 29 61.55
21 43.21 33 62.47
23 73.69 37 61.46
25 70.31 41 60.77
27 58.43 45 59.89
29 61.00 49 58.49
31 71.71 54 56.47
33 61.70 57 55.57
35 60.35 64 55.24
37 57.76 69 52.33
39 45.14 74 52.99
41 55.85 79 52.59
43 52.42 84 53.26
45 58.19 89 53.34
47 54.45 94 53.93
49 42.12 99 54.94
54 49.35 109 54.92
57 48.71 119 55.92
64 28.88 129 52.64
69 44.70 139 52.35
74 44.02 149 54.36
79 45.28 171 51.25
84 41.26 191 47.40
89 44.51 211 46.76
94 40.86 231 48.10
99 42.04
119 45.79
129 47.31
139 42.96
149 43.00
171 44.23
191 47.03
211 48.47
231 48.84
251 53.97
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Appendix H1. Geochronology of sediment cores (1999): 210Pb.
POD
Depth
(cm)
Total 210Pb 
activity 
(dpmg')
Supported
Activty
(dpm g1)
Excess 210Pb 
(dpm g 1)
Counting Error Accum. Rate 
(dpm g-') (cm yr*1)
Accum. Rate 
(g cm*2 y r1)
1 4.12 1.0 3.19 0.14 0.47 0.30
5 4.36 1.0 3.44 0.14
7 4.56 1.0 3.64 0.16
9 5.00 1.0 4.09 0.17
11 4.24 1.0 3.32 0.14
17 4.01 1.0 3.14 0.16
23 3.22 1.0 2.27 0.12
33 2.81 1.0 1.86 0.11
37 3.06 1.0 2.15 0.13
41 2.64 1.0 1.71 0.12
45 2.58 1.0 1.65 0.12
47 1.81 1.0 0.83 0.08
49 2.15 1.0 1.20 0.11
54 1.25 1.0 0.25 0.07
59 1.48 1.0 0.50 0.08
69 1.02 1.0
84 1.02 1.0
84 1.34 1.0
99 1.30 1.0
119 1.47 1.0
LY
Depth Total 210Pb supported Excess 210Pb Counting Error Accum. Rate Accum. Rate
(cm) activity activity (dpm g 1) (dpm g'1) (cm yr"1) (g cm*2 yr’1)
(dpm g-') (dpm g‘1)
1 4.66 1.1 3.64 0.16 0.83 0.50
9 6.20 1.1 5.28 0.23
13 5.95 1.1 5.02 0.22
17 4.87 1.1 3.85 0.17
21 5.20 1.1 4.24 0.19
25 3.53 1.1 2.48 0.13
33 3.79 1.1 2.74 0.14
37 3.80 1.1 2.77 0.13
41 3.88 1.1 2.88 0.18
45 2.72 1.1 1.66 0.11
49 2.95 1.1 1.90 0.12
54 2.34 1.1 1.27 0.11
59 2.58 1.1 1.53 0.12
64 1.74 1.1 0.66 0.09
69 1.64 1.1 0.55 0.09
79 1.24 1.1 0.14 0.07
89 1.31 1.1 0.21 0.07
89 1.49 1.1 0.40 0.11
99 1.33 1.1 0.23 0.08
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Appendix H2. Geochronology of
sediment cores (1999): 137Cs.
POO
Depth Total Error
(cm) Activity (dpm g'1)
5 0.49 0.05
9 0.41 0.08
13 0.43 0.04
21 0.36 0.05
25 0.38 0.04
29 0.45 0.05
37 0.30 0.03
41 0.43 0.05
45 0.40 0.04
49 0.34 0.04
54 0.17 0.02
59 0.06 0.02
64 0.00 0.00
69 0.00 0.00
74 0.00 0.00
LY
Depth Total Error
(cm) Activity (dpm g 1)
1 0.32 0.08
9 0.23 0.10
13 0.15 0.04
25 0.19 0.03
33 0.21 0.04
41 0.34 0.04
54 0.46 0.04
64 0.12 0.03
74 0.07 0.03
99 0.00 0.00
139 0.00 0.00
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Appendix I. ctd. Solvent extractabte PAH concentrations (ng g '1) in POD and LY sediment cores (1999). 
POO (3 Aug. 1999)
sediment Interval ____  KC 44-46 KC 48-50 KC 53-55 KC 58-60 KC 78-90 KC 96-100 KC 126-130 KC 170-172 KC 190-192 KC 250-252
naphthalene nq nq nq nq nq nq nq nq nq nq
acenaphthylene nq nq nq nq nq nq nq nq nq nq
acenaphthene nq nq nq nq nq nq nq nq nq nq
fluorene 5.56 3.35 2.68 2.25 2.08 1.55 2.41 2.30 2.51 2.96
1-methytfluorene 3.02 1.93 1.31 1.17 1.04 0.81 1.09 0.95 1.00 1.25
phenanthrene 41.16 23.05 12.45 7.57 4.47 3.69 5.39 5.69 5.03 6.63
anthracene 8.16 5.19 2.97 2.16 1.55 1.29 1.88 1.98 1.86 2.36
2-methytphenanthrene 11.78 6.84 3.33 1.95 1.26 1.08 1.39 1.29 1.42 1.60
2-methylanthracene 2.50 1.65 0.94 0.80 0.70 0.57 0.70 0.64 0.72 0.84
1 -methytanthracene 10.44 6.31 3.01 1.71 0.95 0.81 1.35 1.17 1.04 1.47
1 -methytphenanthrene 9.73 5.91 3.20 2.02 1.59 1.25 1.61 1.67 1.70 2.05
9-methylanthacene nd nd nd nd nd nd nd nd nd nd
fluoranthene 61.68 41.67 21.42 11.72 7.49 5.55 7.87 6.94 7.31 9.33
pyrene 94.59 58.48 27.43 12.03 5.59 4.22 6.71 6.26 6.19 8.20
benz(a)anthracene 34.75 23.94 10.34 4.45 1.84 1.48 1.65 1.66 2.05 2.16
chrysene 25.68 18.65 7.48 3.83 1.66 1.35 1.92 1.82 1.88 2.72
benz(b)(luoranthene 95.08 56.98 27.91 11.62 5.11 4.28 5.91 5.73 5.72 7.56
benz(k)Auoranthene 29.66 18.26 8.44 3.05 1.10 0.92 1.25 1.25 1.15 1.84
benzo(e)pyrene 60.32 36.42 17.39 6.53 2.23 2.02 2.85 2.64 3.69 3.66
benzo(a)pyrene 39.83 26.25 11.14 3.89 1.29 1.25 1.14 1.12 1.08 1.64
perytene 120.78 111.22 271.44 496.70 485.61 521.31 941.08 733.94 670.45 945.23
7-methytbenzo(a)pyrene (7) nq nq 14.70 25.28 24.11 25.38 40.69 28.59 30.34 40.56
indeno( 123cd)pyrene 53.27 33.54 16.62 6.46 2.74 2.28 3.12 2.31 2.04 3.81
benz(ghi)perytene 44.04 28.39 14.64 6.01 2.63 2.16 2.90 2.47 2.81 3.44
dit>enz(ah)anthracene 10.58 6.93 3.42 nq 0.56 0.47 nq nq 0.56 nq
Total PAH 762.64 515.16 482.27 611.23 555.59 583.73 1032.91 810.45 751.47 1049.31
nq = not quantifiable, sample is less than three times the blank 
nd = not detected 
BC = box core 
KC= Kasten core
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Appendix I. ctd. Solvent extraclabie PAH concentrations (ng g ')  In POD and LY sediment cores (1999)._________________________________________
LY (19 Oct. 1999)
sediment interval_______________ BC 0-2 BC 2-4 BC 6-9 BC 8-10 BC 10-12 BC 12-14 BC 18-20 BC 26-26 KC 16-18 KC 32-34 KC 63-65 KC 98-100
naphthalene nq nq nq nq nq nq nq nq nq nq nq nq nq
acenaphthylene nq nq nq nq nq nq nq nq nq nq nq nq nq
acenaphthene nq nq nq nq nq nq nq nq nq nq nq nq nq
fluorene 5.42 8.68 7.46 7.90 6.96 6.98 7.62 7.39 9.38 5.51 7.64 7.64 4.56
1-methytfluorene 3.55 5.39 4.37 4.71 2.00 4.05 4.45 4.31 5.49 3.34 5.38 4.21 1.92
phenanthrene 32.35 48.56 40.01 41.52 39.73 34.25 35.65 32.57 42.89 27.59 37.88 47.43 25.17
anthracene 8.13 14.26 11.64 13.49 10.69 9.62 12.19 10.87 14.42 10.73 11.34 13.15 6.77
2-methylphenanthrene 11.41 20.36 15.57 18.75 14.50 13.64 17.51 15.66 17.35 11.02 16.66 16.78 7.47
2-methytanthracene 2.15 5.68 3.46 5.19 2.89 2.77 4.82 3.75 5.90 2.96 4.14 4.88 2.35
1 -methyfanthracene 9.43 14.99 13.06 12.36 11.69 11.23 11.83 10.53 12.68 9.66 12.94 12.29 5.11
1 -methytphenanthrene. 8.17 15.51 10.97 14.17 9.83 9.62 13.05 11.83 15.00 8.50 14.43 14.06 7.45
9-methytanthacene 0.00 0.00 nd 0.00 nd rtd 0.00 0.00 0.00 nd 0.00 0.00 0.00
fluoranthene 58 57 98.75 99.43 97.79 91.83 78.29 65.12 73.62 102.55 61.02 104.39 83.63 54.57
pyrene 59.17 117.64 99.29 106.39 89.61 77.17 81.44 71.73 99.02 60.11 108.08 114.20 67.12
benz(a)anthracene 24.75 61.50 40.63 64.71 34.44 31.59 45.02 34.90 50.87 27.88 42.58 45.48 28.93
chrysene 24.92 52.51 37.19 68.50 30.09 28.19 37.30 29.51 38.78 25.52 34.25 37.22 21.43
benz(b)(luoranthene 56.50 94.35 99.25 91.02 88.76 83.67 78.38 65.30 87.55 61.05 88.42 84.63 57.91
benz(k)fluoranthene 22.46 33.04 33.45 32.46 28.83 27.30 27.47 22.67 29.60 20.33 27.84 28.54 19.23
benzo(e)pyrene 40.51 49.86 57.81 48.32 52.53 48.33 41.48 34.64 46.64 37.32 45.69 42.65 26.24
benzo(a)pyrene 35.65 62.99 51.13 60.19 42.92 39.74 47.84 38.65 53.15 35.47 41.97 44.32 27.90
perylene 71.01 111.01 91.25 102.82 90.65 85.15 93.91 90.40 110.11 74.89 94.37 96.85 116.08
7-methytb(a)p 0.00 nq nd nq nd nq nq nq nq nq nd nd nd
indenof 123cd)pyrene 41.84 62.66 84.46 61.09 80.82 75.51 51.67 43.75 57.62 46.86 52.94 5.93 36.48
benz(ghi)petylene 32.97 55.89 48.68 53.92 46.23 39.83 45.19 39.20 51.46 37.98 41.80 4.98 27.96
dibenz(ah)anthracene 0.00 17.38 15.33 16.17 14.12 13.04 14.91 10.70 13.51 9.50 13.64 4.29 7.15
Total PAH 548.96 951.03 864.46 921.47 789.10 719.98 756.85 651.98 863.98 577.23 806.39 713.14 551.80
nq = not quantifiable, sample is less than three times the blank 
nd = not detected 
BC = box core 
KC= Kasten core
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2 1 0
• g p l f c j l .  SoM n t * rtr» t t W C—v O d c p n e * i8 —om  (hq q'*) in — rn ttn a M m .
POO (3 Aug. 1988) 
C m w w w t  BCO-2 0 C 4 4 K M OC M 0 ■C 10-12 m e  16-16 KC 20-22 KC 28-30 K C M J4 K C 3446 KC 36-36 KC 40-42
921.09 48231 1231 70 27472 447.49 90097 o n 330.97 14403 140.51 o n a n
113* 10 U 1 12409 4 0 0 o n 149.00 a n a n o n a n 64.04 o n o n
• • i r 4 0 0 4 00 0.00 4 0 0 a n a n a n o n a n a n a n a n
m m * 14497 4 00 4 0 0 4 n a n 179.40 a n a n a n o n a n o n
t u 29400 141.40 131.34 111.06 137.70 130.06 o n o n a n 9 4 6 8 o n o n
114* 1044.79 103477 007 92 721.77 874.17 70278 30217 874.93 30271 37454 410.79 17SJ3
*14:1*4* 4 0 0 4 0 0 0.00 o n a n a n o n o n o n a n a n 0.00
*14:1*7" 4 0 0 4 0 0 0.00 4 n o n a n a n o n a n o n a n 0.00
14D 900440 309493 320401 290403 318430 304217 ion. 19 190491 100404 1021.14 1079 08 56274
0.00 0.00 0.00 4 0 0 o n o n a n o n a n o n o .n o n
•IS 3094.44 308449 3078 40 296440 3087.76 279079 79419 160430 620.17 78490 87230 30419
•19 3029.03 391418 392190 274449 329492 294412 96490 1600.91 94478 927 30 1047.79 49421
19:1 4 0 0 0.00 0.00 0.00 a n a n a n a n o n o n o n o n
19.0 400420 193091 146496 121401 1327 90 120497 44161 774.97 41100 40211 43280 270.03
1 2 4 * 0.00 400 0.00 o n a n a n o n a n a n a n o n o n
"144" 4 0 0 4 00 400 aoo o n o n a n a n o n o n o n o n
n r 0.00 400 0.00 4 0 0 a n o n o n a n a n a n a n a n
*142" 0 00 0.00 0.00 o n o n o n o n a n a n a n o n a n
no* 2961.99 172402 1784.39 1304.17 1914.43 1321.64 921.86 1024.93 524.n 494-16 557 40 297 96
141*4 140767 86230 83470 990.00 1004 80 101490 o n o n o n a n a n o n
*16:1*7" 1201921 4904.01 890493 602187 9720.47 62n.96 96969 107784 97292 971 17 976.61 39440
*141*9* 1330 99 72120 91414 79426 907.80 83430 o n a n o n 9 9 6 6 o n o n
140 1819482 1042021 1494423 1196268 1413493 13040.80 916202 619163 416169 4094.78 4716.40 309462
1 3 4 * 4 0 0 0.00 4 0 0 o n a n o n o n a n o n o n o n o n
10M»17br 2999.90 2711.81 2797.62 217460 230461 203072 78377 1030 10 937 70 54490 620.15 32478
•17 99404 1024.40 99442 619.36 060.90 81226 29367 96499 27419 2 7139 299.60 18422
•17 112497 1344.18 119490 96433 107430 96130 427 49 n o n 30296 38244 490.90 24491
1 7 U 190430 39290 44470 439.46 464.92 433 37 o n o n o n a n o n o n
17-10 139097 79044 900.99 82430 97244 80499 o n o n a n a n o n a n
17U 1904.04 144916 1440.13 1924 70 1711.66 M 72n o n 781.91 379.62 37413 464.23 21162
1 44* 0.00 400 0.00 o n o n o n o n 0.00 o n o n o n a n
*19:4* 000 0.00 0.00 0.00 o n o n o n o n a n o n o n o n
1 4 3 * 0  9* 0 1220.87 0.00 1310.21 110686 647.30 734.33 a n o n o n 0.00 o n 000
142 *3  9 wfl 100494 000 1290.19 4444.16 636.22 60292 o n 1197 79 69434 81230 669.87 a n
*18:1*11" 0.00 400 4 0 0 o n o n o n o n 000 a n o n a n a n
141«0e 2492.16 3396.09 207023 2279.60 2903.n 2389.40 44119 604 27 21490 297.69 31210 947 33
141*011*7 9100.33 4207 16 2900.11 189440 331993 2714 94 120662 96404 99711 591.71 34061 43413
1 41*9 0.00 0.00 000 o n o n o n o n o n o n o n o n o n
140 301030 999003 304122 366462 9784.64 9983.99 1 9 » 8 2 2877 37 113443 128190 1494 28 109116
1 94* 000 0.00 o n o n o n o n o n a n o n 0.00 o n o n
m r 4 0 0 0.00 0.00 a n o n a n o n o n a n o n 0.00 o n
••19" 0.00 0.00 0.00 o n o n o n o n o n o n a n 000 o n
"141* 92131 40497 986.74 929 42 577 94 470.79 o n 32290 116.91 190.39 0.00 o n
140 324291 8839.49 7063.91 903488 9649.12 4273.90 244973 4266.11 1954.16 2661 07 282410 197560
1 04* 0.00 0.00 0.00 o n o n o n o n 910.93 296 67 239 93 16136 a n
•249*0" 0.00 0.00 0.00 i n o n o n o n o n o n o n o n a n
2 4 « * 0 2314.00 90421 824.82 616.69 713.29 649.67 o n o n 201.39 254 57 o n o n
2 4 9 * 3 2090.10 849.17 1121 90 92406 1219.32 1197.17 o n o n 11101 9 7 2 7 o n a n
243 0.00 0.00 0.00 o n o n o n o n o n o n o n o n a n
202 4 0 0 000 o n 0.00 o n o n o n o n 0.00 a n a n o n
2 4 1 * 0 237.29 17429 163.98 166.78 164.62 174.62 o n a n a n o n o n a n
•241*7* 0.00 o n o n o n o n o n o n o n o n o n 0.00 o .n
•241*9* 000 0.00 o n o n o n o n o n o n o n o n o n o n
240 699483 11148.89 993941 763280 827241 6601 37 46n.n 871180 382130 913166 388999 320405
1 74* 000 0.00 o n 4 n o n o n o n o n o n o n 000 o n
21:0 1428.16 2444.44 226230 2111-27 1734 66 169470 146977 1367 57 122178 1267 54 119000 112393
1 84* 2 98 1.43 9.86 3.16 1.96 1.36 o n 2 44 164 1 61 1 40 o n
*22:0*6* 421 99 400 o n 0.00 o n o n o n o n 10960 86.60 o n o n
2 29*3 1239.12 0.00 o n 0.00 o n 703.80 o n o n 199.15 131 80 o n 0.00
"229*0" 0.00 0.00 0.00 o n o n o n o n o n a n a n 0.00 o n
*229*0* 0.00 0.00 0 0 0 o n o n a n o n o n a n o n 000 o n
222 0.00 0.00 o n o n a n o n o n 0.00 a n 0.00 o n a n
221*0 0.00 000 4 0 0 000 o n o n o n o n a n o n 0 0 0 o n
*22i * r 000 000 0.00 0.00 o n o n o n o n a n o n 0.00 o n
220 288232 3688.00 3247 89 2900.96 2877 76 2499.44 1980.97 289483 190888 1935.18 1243.90 146568
1 0 4 * 0.00 0.00 0.00 0.00 o n o n o n 137 n o n o n 50 23 0.00
23.D 77000 99039 1041.19 664.20 806.70 66439 916.37 736.n 44064 490.n 280.78 374.97
2 0 4 * 180.40 148.82 13492 12479 147.64 m o 3 o n 191.46 12291 107 30 8102 o n
24:1*0 0.00 0.00 o n o n a n o n o n a n a n 0.00 o n a n
24:0 910891 970423 4890.12 340341 419490 3466.78 321896 4901.86 290167 3289.90 1801.73 247192
2 1 4 * 000 Q.OO o n o n o n o n o n 79 91 a n o n o n o n
2 40 91464 137100 1300.00 890.01 800.82 97262 57032 83420 490.54 65064 30909 41402
2 2 4 * 27188 291 73 24962 22214 27176 18270 o n 23261 19190 190.72 30712 o n
240 3000 99 300180 2834 00 2222 20 260461 2006.47 2347 29 3347 24 203269 242720 1213.60 190780
2 3 4 * 0.00 0.00 o n 0.00 o n o n o n 438n o n o n 48.72 o n
27:0 904.00 90290 406.86 303.80 39060 23979 o n 427 02 32933 340.31 174.80 301 54
2 4 4 * 40069 263.27 298.78 261.80 29411 23964 o n 31749 260.92 2 4132 160 66 o n
20:0 2209.90 2730.96 1968.77 1770.64 2039.44 1419.36 1919.83 2244 00 131402 u n o o 793 39 1200.05
2 9 4 * 000 0.00 0.00 0.00 o n o n o n 137 03 o n o n o n o n
240 29233 44276 301.13 297.14 334.29 224.19 o n 370.n 164 09 2 1423 28534 21462
2 0 4 * 330.91 30418 330.79 290.12 30292 22424 o n 27967 223.02 217 43 18408 a n
340 1079.69 1743.08 1313.00 1300.71 148412 101407 872.14 1423.60 720.99 79193 917.80 63412
2 7 4 * 4 0 0 400 0.00 o n o n o n o n 12744 o n o n 1 6 4 t t a n
2 0 4 * 0.00 319.13 191.03 10230 214.76 144.04 o n o n a n o n o n a n
31:0 0.00 0.00 0.00 0.00 o n o n o n o n o n o .n a n o n
iaa____ 103048.83 8001872 70446 20 07960 80 79001.16 66099.99 29620 82 46403 87 2494669 36801 97 22429 90 1780429
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OppW i! J t .  dtt. Soa»ania^ a r tX iala8 ir«naconc*w« aBwa(nofl',) i
LY (190cL 1909)
C a w B iia n O  BC0»2 9 C 2 -4  8 C M  9C 8.10  9C  10.12 9C 12-14 9C  1 6 m  8C 2 8 n  KC 19.19 KC X«34 KC 6 * 8 5  *C  8 * 9 5
1*0 98*98 83*10 81*70 977*4 994.X 83009 34*20 25054 319.10 2X 40 12*97 a n
1 1 3* 298.79 23*29 27*17 18*94 137.32 17754 9*29 * 1 } 70*1 a x o n a n
• • i r 170.97 197.78 175X 13*30 12797 1X 13 a x a x 8*23 a x o .x a n
• t i l* aoo 31*78 a x 2 3 9 X 23*29 a n a n a x 4*74 a x a n o n
1*0 919.14 448*0 56*91 309.32 11166 28752 157 71 13*X X 9 7 7*83 5*31 0.00
*114* 2022 29 1X1*9 1987.X 1182X 98*31 128794 64996 77*60 59*79 9X 97 54*X 29*88
•14:1*T aoo a x a x O X a n a n a x a x a x OX a n o n
M 4:1»r aoo a x a x a x a n a n o x o x o x O X a n a n
14.0 1949*47 1041*77 11784.X 699*07 529*92 647*27 41X79 336949 2521.34 2102*7 11X45 477*9
11ft* aoo a n o x a n a n a n a n a n a n O X a n a n
H9 570*28 497*52 592*37 321*99 248*94 2X751 1954.17 143*10 1201.40 97*57 47448 211.98
•19 797044 awn x 79X11 4871.78 38X 15 49X92 3102-62 231052 193*24 14X45 79781 381.12
19:1 90044 993.51 190*10 00*62 34*58 3X 20 270.X 29*67 X X a x a n o n
190 990008 5991.19 119X10 5090.96 306*X 317* X 2436X 2310.96 944.02 6 X X 3X 74 177.88
12f t* 0.00 0.X a x O X a n a x a x O.X a x a x a n o n
•1*4# 0.00 a x o x a n o x a x a x OX o x 0.X a n a n
* 1 W 139494 71*13 108766 141*85 904.02 47*49 29*40 394.X 17*29 97.96 a n a n
•1*2* aoo a x OX o x a x a n O X OX a n O X a n o n
n r 988299 41X51 445048 1117X 192*91 18X13 1330.04 119766 77*55 7X11 44*48 220.45
1*1*9 2190.17 132959 211030 1040.78 730*1 117*97 794*4 49*67 2X 07 OX o n a n
•i*iw7* 9931*94 2885*91 31294.X 190X11 13111.19 14191.02 6667.69 983*41 558*94 213733 340.71 2X 91
•19:1«r 2944.50 19X.45 2471.16 156*82 11X33 82*75 306.82 537 74 47*X 224X a n a n
190 3820239 29052X 3429*79 2171797 1629*15 2062*50 1524*X 9679.X 6787 05 6790.29 490*23 197401
13ft* aoo OX OX O X a x OX O X a x OX O X 0.00 o n
10M»17br 313796 29X 13 315107 2254.98 1791.X 1897.47 132*19 901.37 991.53 719.X 19158 9758
i17 199119 1201 51 14X01 X I  37 979*2 83064 S4&X 37*14 30*X 32741 193.52 75.50
•17 1910.94 144921 19X X 1059.97 83949 104*X 741.X 55945 494.74 4X 35 20*72 11*95
17:1* 3019.14 3114.69 8347.X 3445 X 1807.74 1630.60 1399.X 13X.10 2X 19 OX a n a n
17:19 2194*4 194097 251925 1935.X 111*63 110*X 731.X 502*7 30709 1X07 0.00 a n
170 298204 24X92 34X79 2031X 1354.25 1758*7 2044.75 620.97 5X11 593.58 2X 40 IS* 32
14ft* 0.00 O X a x O X O X a x a x OX a x O.X 0 0 0 o n
*1*4* 0.00 OX o x o .x O.X O X a x OX O.X O X 0.00 o n
1*3 aO 6*9 590.15 1 9 X X 524 X 1180.39 832*7 1X32 IX  97 1X77 290.55 o x o n o n
1 * 2 * 3 6 * 9 2729.19 1837*8 1830.55 1131X 973*3 1140.49 68*72 300.34 291.97 210*9 120 99 o n
•1 * 1 * r1 f 0 0 0 O X OX a n O X a x O X OX O X O X 0.00 0.00
i*1*9e 514399 40X 19 4929X 3171.42 2401.12 30X28 21X78 1406.15 719.42 941.39 19918 21*7*
1*1«9V*7 789073 1194M 6 671082 9578 54 779946 543*31 3954 72 1790.X 4260.36 1030.49 14*71 111.55
18:1*9 0.00 O X a x a x O X a n a x OX OX O X 0.00 o n
19:0 5999.12 49X 14 5471.11 404*70 2982.40 6S6*X 549*91 1979.79 17X40 31X61 1X1.19 X7.43
15a,* 0.00 a x a x o n O X O.X a x OX OX O X 0.00 0 0 0
n r aoo a x OX a n O X 0.X a x OX OX O X 0.00 o n
•»19* 0.00 o .x o x o n O X OX o x OX O.X O.X 0.00 0.00
•19:1* 0 0 0 0.X a x a n O X o x o x o x O X o .x a n a n
19:0 497000 6997.69 5394.47 671*13 5551 X 4117 74 3221.X 300*16 4644 86 29W.1t 2955.73 314*72
i9ft* 0.00 O X a x o .x O X a x o x o n OX a x a n o n
•2&5*T 0.00 O X o x o x O.X 0.X o x o x o x o x 0.00 0.00
20:4*6 5747 39 423*29 481055 2283*4 1499.10 2 1 X X 1037 59 i o n .11 3X.32 28*35 18194 0.00
20:9*9 1033052 5029.75 573*73 2X1-32 24X .X 4599.X 1661.X 1071.X 957 92 3X.S2 1Q8S2 0.00
2 00 0.00 O X OX O X O X O.X O X o .x OX O X 0.00 a n
20:2 0.00 O X a x 0.00 O.X OX O X o x o x o .x 0 0 0 o n
20:1*0 49*94 5X 53 35*22 400.03 241.09 254*3 11471 61 93 1X.71 70.71 0.00 o n
• » t * r 0.00 403.03 a x 247 X O X a x O.X a x OX O.X 0.00 0.00
*20:1*5* aoo 329.X o x 1 X X o x a x a x o x a x 0.X o n 0.00
20:0 9215.09 7187 30 933*35 721*50 5730.97 490*59 3537 X 3952.56 493507 3059.21 29X 57 2754 X
17ft* 000 O.X o x O X o .x a x O X OX o .x O X o n 0.00
210 1944 94 1331.58 1909.43 m m 1393.17 192*64 1X1*5 1434.75 1525.93 133*92 1175.65 19X 53
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Appendix K1. TOC, TN values (%) of solvent extracted sediment residues (prior to base 
hydrolysis) from POD and LY sediment cores (1999) and grab samples (2000).________
POD
Nitrogen Carbon Average N Averaae C STDEVN STDEVC
grabs A-C 0.249 2.16 0.245 2.14 0.005 0.02
grabs A-C 0.242 2.13
grabs D-E 0.231 1.98
0-2 cm 0.230 2.16
12-14 cm 0.214 2.04 0.217 2.08 0.003 0.04
12-14 cm 0.216 2.07
12-14 cm 0.220 2.11
20-22 cm 0.194 2.01 0.195 2.02 0.004 0.07
20-22 cm 0.200 2.09
20-22 cm 0.192 1.96
40-42 cm 0.143 1.62
48-50 cm 0.126 1.44 0.127 1.42 0.002 0.02
48-50 cm 0.126 1.43
48-50 cm 0.129 1.40
58-60 cm 0.106 1.23
78-80 cm 0.110 1.44 0.107 1.44 0.004 0.06
78-80 cm 0.109 1.50
78-80 cm 0.102 1.37
128-130 cm 0.116 1.47 0.117 1.48 0.003 0.03
128-130 cm 0.115 1.46
128-130 cm 0.121 1.51
170-172 cm 0.107 1.26
190-192 cm 0.123 1.44
LY
Nitrogen Carbon Average N Average C STDEV N STDEV C
grabs A-C 0.246 1.86
grabs D-E 0.244 1.84
0-2 cm 0.268 2.00 0.268 2.01 0.000 0.00
0-2 cm 0.268 2.01
12-14 cm 0.268 2.07 0.268 2.05 0.000 0.03
12-14 cm 0.268 2.05
12-14 cm 0.268 2.02
32-34 cm 0.234 1.91
63-65 cm 0.164 1.43
83-85 cm 0.162 1.40 0.163 1.42 0.001 0.01
83-85 cm 0.162 1.42
83-85 cm 0.163 1.43
98-100 cm 0.168 1.41 0.167 1.40 0.001 0.02
98-100 cm 0.166 1.38
98-100 cm 0.167 1.39
148-150 cm 0.142 1.26
190-192 cm 0.115 1.02
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Appendix K2. TOC, TN values (%) of solvent extracted and base hydrolyzed 
sediment residues (prior to add hydrolysis) from POD and LY sediment cores (1999) 
PSD
Nitrogen Carbon Average N Average C STDEV N STDEV C
grabs A-C 0.168 1.75
grabs D-E 0.155 1.53
0-2 cm 0.168 1.76
12-14 cm 0.134 1.47 0.132 1.44 0.002 0.03
12-14 cm 0.132 1.45
12-14 cm 0.130 1.41
20-22 cm 0.119 1.44 0.119 1.45 0.002 0.02
20-22 cm 0.121 1.47
20-22 cm 0.118 1.44
40-42 cm 0.103 1.24
48-50 cm 0.082 1.09 0.084 1.09 0.002 0.04
48-50 cm 0.086 1.13
48-50 cm 0.083 1.05
58-60 cm 0.084 1.02
78-80 cm 0.075 1.16 0.072 1.10 0.004 0.06
78-80 cm 0.068 1.03
78-80 cm 0.074 1.12
128-130 cm 0.086 1.20 0.088 1.22 0.002 0.01
128-130 cm 0.087 1.22
128-130 cm 0.090 1.23
170-172 cm 0.085 1.13
190-192 cm 0.101 1.35 0.098 1.30 0.004 0.07
190-192 cm 0.096 1.25
LY
Nitrogen Carbon Average N Average C STDEV N STDEV C
grabs A-C 0.142 1.22
grabs D-E 0.141 1.20
0-2 cm 0.172 1.38
12-14 cm 0.156 1.35 0.154 1.33 0.002 0.02
12-14 cm 0.153 1.34
12-14 cm 0.151 1.31
32-34 cm 0.155 1.37
63-65 cm 0.118 1.08
83-85 cm 0.114 1.08 0.111 1.06 0.003 0.02
83-85 cm 0.109 1.04
83-85 cm 0.111 1.05
98-100 cm 0.114 1.07 0.114 1.06 0.000 0.01
98-100 cm 0.114 1.06
98-100 cm 0.114 1.06
148-150 cm 0.102 0.92 0.107 0.98 0.007 0.08
148-150 cm 0.111 1.04
190-192 cm 0.080 0.77
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Appendix L. Bound (base hydrolyzable) PAH concentrations (ng g'1) in sediment grab samples and cores.
POD
sediment horizon (cm) grabs A-C grabs D-E 0-2 20-22 40-42 48-50 58-60 78-80 128-130 170-172 190-192
naphthalene nq nq nq nq nq nq nq nq nq nq nq
acenaphthylene nq nq nq nq nq nq nq nq nq nq nq
acenaphthene nq nq nq nq nq nq nq nq nq nq nq
fluorene 0.84 1.13 0.72 1.09 0.77 0.85 0.58 1.13 0.90 0.90 1.09
1-methylfluorene 0.53 0.46 0.21 0.52 0.28 0.43 0.00 1.09 0.61 0.21 0.40
phenanthrene 7.15 7.18 5.18 9.24 5.51 6.56 3.97 5.17 4.37 5.32 6.29
anthracene 1.44 1.95 1.16 1.79 1.11 1.30 0.87 1.07 0.82 0.95 1.27
2-methylphenanthrene 2.05 1.71 0.88 1.87 1.97 1.31 0.62 0.97 G.83 0.91 1.05
2-methylanthracene 0.43 0.85 0.93 0.44 1.13 0.34 0.75 0.34 0.25 0.25 0.31
1 -methyianthracene 2.07 0.89 0.15 1.59 0.22 1.05 0.16 0.82 0.71 0.79 0.95
1 -methyl phenanthrene 1.91 1.89 0.63 1.93 0.72 1.34 0.52 1.22 0.76 0.96 1.23
9-methytanthacene 1.03 nd 0.98 nd 1.10 nd 0.83 nd nd 0.23 0.14
fluoranthene 8.18 6.72 7.01 11.59 7.34 9.44 4.18 4.58 3.83 3.64 4.67
pyrene 7.22 6.49 7.12 12.45 7.95 10.66 4.89 4.49 3.90 4.20 5.10
benz(a)anthracene 2.73 3.75 2.59 4.74 3.43 3.26 0.90 0.69 0.61 0.62 0.85
chrysene 2.29 2.77 1.89 2.91 2.66 2.08 0.93 0.84 0.67 0.85 1.14
benz(b)fluoranthene 7.13 7.20 6.64 17.72 9.27 12.34 2.82 3.29 1.96 2.05 2.86
benz(k)fluoranthene 2.74 3.11 2.09 5.11 2.92 3.47 0.89 0.86 0.56 0.72 0.82
benzo(e)pyrene 4.04 4.56 3.60 7.81 4.99 6.96 1.59 1.74 1.02 1.17 1.56
benzo(a)pyrene 2.93 3.31 2.95 5.81 3.97 4.09 1.07 1.00 0.67 0.78 1.04
perylene 24.33 30.30 25.25 44.72 24.15 44.06 136.10 263.48 138.50 200.08 294.01
7-methy1benzo(a)pyrene \ 1.24 nd 0.66 nd 1.03 nd 4.70 7.63 4.69 4.87 9.23
indeno( 123cd)pyrene 2.81 4.52 4.25 4.77 6.21 3.50 1.70 0.98 1.35 0.59 0.91
benz(ghi)peryiene 3.78 4.78 3.51 5.73 4.37 4.68 1.49 1.56 1.30 1.09 1.45
dibenz(ah)anthracene nd nd 0.61 1.26 0.96 1.00 nd 0.65 0.47 nd nd
Total 86.91 93.56 79.01 143.10 92.05 118.73 169.57 303.60 168.77 231.19 336.35
nq = not quantifiable, sample concentration is less than 3 times the blank 
nd = not detectable
ls>
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LY
sediment horizon (cm) grabs A-C grabs D-E 0-2 12-14 32-34 63-65 83-85 98-100 148-150 190-192
naphthalene nq nq nq nq nq nq nq nq nq nq
acenaphthylene nq nq nq nq nq nq nq nq nq nq
acenaphthene nq nq nq nq nq nq nq nq nq nq
fluorene 0.65 0.71 0.33 0.93 0.70 0.47 0.86 0.45 0.54 0.35
1-methylfluorene 0.39 0.41 0.00 0.57 0.23 0.16 0.00 1.78 0.00 0.00
phenanthrene 4.95 5.09 3.13 7.20 4.03 3.84 6.43 3.36 3.81 3.22
anthracene 0.89 1.33 0.78 1.67 0.97 0.83 1.51 0.57 0.75 0.49
2-methytphenanthrene 1.90 1.45 0.58 2.63 0.90 0.66 1.57 0.76 0.81 0.59
2-methylanthracene 0.34 0.21 0.71 0.37 1.04 0.69 0.33 0.11 0.16 0.09
1 -methylanthracene 1.97 1.16 0.13 1.90 0.16 0.00 1.29 0.68 0.65 0.57
1 -methyiphenanthrene 1.43 1.14 0.43 1.99 0.70 0.57 1.45 0.72 0.80 0.57
9-methylanthacene 1.16 0.00 0.68 0.00 1.13 0.86 0.00 0.00 0.07 0.09
ftuoranthene 3.37 4.71 3.03 6.03 3.67 3.33 5.62 2.02 2.16 1.73
pyrene 3.31 4.37 3.07 5.52 3.65 3.94 8.09 2.39 2.34 1.95
benz(a)anthracene 1.70 2.31 1.41 2.37 1.71 1.33 3.18 0.32 0.43 0.31
chrysene 1.20 1.80 1.18 1.77 1.26 1.26 1.90 0.56 0.65 0.46
benz(b)fluoranthene 3.95 5.27 3.21 6.53 3.79 4.11 10.73 2.85 1.15 1.13
benz(k)fluoranthene 1.37 2.07 1.26 2.18 1.40 1.71 3.48 0.93 1.09 0.34
benzo(e)pyrene 2.05 2.70 1.96 3.54 2.20 2.19 5.66 1.35 0.84 0.65
benzo(a)pyrene 1.65 2.51 1.63 2.74 1.99 1.93 4.41 1.17 0.61 0.43
peryiene 11.10 14.94 8.61 20.54 11.36 9.48 20.06 8.77 23.05 18.50
7-methyl benzo(a)pyrene ? 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
indeno( 123cd)pyrene 2.29 3.12 2.00 4.84 2.01 2.16 8.98 2.23 0.57 0.38
benz(ghi)perylene 2.32 3.75 2.92 3.26 2.80 3.05 6.13 1.52 0.84 0.62
dibenz(ah)anthracene 0.00 0.00 0.46 0.74 0.44 0.00 0.00 0.23 0.00 0.00
Total 47.98 59.06 37.49 77.32 46.15 42.57 91.68 32.77 41.30 32.46
nq = not quantifiable, sample concentration is less than 3 times the blank 
nd = not detectable
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Appandta l l l .  Bound (tt— hw W haW llpw iijunf WX omftiQQ1) of n am ant g a b — np— (20X) and cor— (1999): < X vodA
SM  POO
—cirw nt honzcn (art a n M  A-C < n t»  D-E 0-2 12-14 20-22 4842 48-50 56*60 78*60 128-130 190-192
ill 88.38 59.58 5*01 54.68 37.41 1*33 21.66 0.00 O X O X 0.00
•11 22.18 1*06 1*51 0.00 0.00 O X O X ox O X O X ox
11:0 73.77 62.81 57.49 60.51 3*87 17.51 2*93 o.x O X ox 13.47
112 64.00 58.77 66.04 53.47 36.10 19.47 20 36 ox O X ox 6.67
12Q 1244.98 104*46 1306.77 900.90 534.12 30*61 27*12 13*96 126*2 127.53 193.93
>13 21*24 20182 239.82 178.86 123*8 90.63 70.49 27.02 15.76 17.81 28.09
•13 127.47 119.12 145.44 134.89 79.46 57.66 44*2 2*81 3*41 4583 27.10
13:0 211.36 189.29 179.71 145*1 110*6 70.30 6*21 X X 3*59 35 52 53.68
i14 287.16 28*80 32705 258.13 195.67 146.62 117.12 68.57 X .44 S I X X .11
14:0 3438.90 3187.79 3164.75 2426.80 1587*4 108*93 8 9 9 X 660.68 486.X 400*5 729.01
11 AW 171.80 175.69 219.36 190*8 153.61 83.58 90.19 73.X 54.94 8*16 5*31
i15 710.29 714.54 799.73 647.80 401.81 334.74 25*66 149.19 109.35 106.59 1X.46
•19 880.08 728.60 779.99 677.42 446*8 340.18 283.47 14*40 12*37 11502 147.70
15:0 988.93 565.22 520.76 466.15 285.15 211*4 189.92 121X 99.72 107.02 133.93
12 Aw 122.44 122.62 146.21 129.06 105.X 61.58 66.61 57.71 45.15 55.13 X X
il6 347 84 36796 345.49 261.52 166.75 150.85 120*5 75.02 X X 58.13 74.33
10:1w9 1316.63 155.57 775.52 744.45 384.40 209*8 156.74 89.12 35.93 X X 53.63
10:1w7 141.34 1680.37 171.92 13*63 69.83 50.36 4*65 2 5 X 20.52 25*7 2164
19:1wS 211.14 230.09 229.79 154.40 97.14 76.58 60.54 30.66 26*7 23.X 32*7
16:0 14760.58 650*93 5709.24 5431.90 3627.57 2314 96 333*96 1401.53 2578.51 2677.76 2766.89
13 Aw 132.36 124.07 157.51 12*19 96.38 64.16 3*61 54 45 41.19 49.40 1 7 X
brl7 00.67 7*21 97.45 106.89 4122 31.31 28.65 21.49 15.16 23.83 23.91
i17 74.71 71.44 91.22 148.31 6*39 7067 54 20 34.X 2 7 X X.01 3*02
•17 178.10 163.63 18*42 196.83 11*19 86.00 85*4 45.73 O X 16.79 4*57
17:1 • 246.02 297 90 334.79 0.00 0.00 34 75 o.oo 18.83 78.X 53.X 20.71
171 b 139.53 127.53 158.39 12801 70*2 45*5 46.80 20 27 26*2 24*8 17 58
17:0 319.12 273.50 288.82 225.46 10559 110.35 88.93 6 1 X 59 37 71.37 54.32
14 AW 131.34 110.06 15*90 120.44 99.98 64.74 65.31 57.46 47 04 5*65 49.64
10:1w9 429.79 40*52 295.99 261.55 182*8 22468 123.17 53.57 104.34 1X.S4 110.35
10:1w7 46749 480.30 368 52 283.55 13715 105.99 98.67 61.27 56.17 64.13 78.01
18:0 3932.41 1281.61 754.14 1141 80 514.13 338.12 707 67 26971 720 82 62*85 444.87
15 aw 178.31 124.97 215.91 145.60 117.70 8*30 78.52 73.66 56.36 73.35 41.63
1*0 242.17 228.90 219.41 164.89 120.62 66*1 7113 103.69 X X 9*63 6*04
16 aw 823.91 834.90 97*38 715.78 559 55 470.70 34*83 287 99 238.16 25*91 X .78
20:0 324 56 249.83 207.35 227 92 93.47 85.50 86.71 6806 106.09 X.97 61.41
17 aw 163.76 153.96 186.59 115.73 103.96 88.71 70.18 67.90 53.19 X X 29 15
21:0 1041X 131*14 1023.66 890.52 734.64 64*72 621*6 770.80 547.54 69*11 669 62
18 «.w 237.16 271.50 290.65 455.51 390*5 163.79 22936 153.46 110.45 114.87 43.36
22:0 70*5 116.06 0.00 3*45 25.09 2*66 O X 15.15 O X O X 0.00
19AW 122.31 216.66 135.15 94.90 81.16 7*04 64.46 6*36 42.23 44 63 34.12
20 aw 211-22 115.44 263.35 187.16 160*3 141.61 103.95 100 96 71.10 7048 51*1
21 Aw 115.61 396.05 128.19 108.77 0.00 7*21 O.X 6 9 X O X 000 35.56
22 Aw 37194 156.39 447 32 335 46 90.32 256.37 65.96 179X 47.34 52-07 79.19
24:0 40.75 25.76 28.42 0.00 284.81 13.78 169 78 ox 14*X 136.28 O X
23 aw 139.67 428.35 155.31 127.22 11*49 89.08 84.67 84.97 60 30 69.47 4*53
24 aw 339.24 94.12 42460 343.62 330.31 246.00 26*14 216.19 214.14 1 X X 103.61
29 AW 164.43 190.30 178.99 144.46 127.89 10*55 106.53 101.93 71.76 7 7 X X X
26 AW 356 88 506.33 469.17 36361 287.69 245.36 236.73 253.64 220.43 219 36 12928
27 aw 146.44 197.36 180.35 128.32 117.51 96.78 1X.48 114.06 70.05 X.36 55*1
28 aw 421.02 665.94 56*94 396.66 338.03 30*58 27928 343.75 3 23X 304.36 170.13
TOW 34672.33 24402.77 22770.59 19504 94 13237 53 9286.37 9717 27 5939.14 6824.31 6899 50 640*14
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A ppfidfrM l.ad- Sound (baaafiyirelw aWt )  Mad oanc a ^ a Mona (no q ) of >a<ffiantg«0MMCl«4 (20X ) and c c f a  (1999): fatty 
SitoLY
aadimanrftoninn<cffior»6aA*C qrabaO-6 0»2 12*14
i l l 56.73 49*0 69.11 52*3
•11 23.37 21.06 25.17 21.49
11:0 110*7 66.97 95*0 74.49
■12 100*6 69.97 68.29 97.36
12* 2096*4 1905.03 2366*5 2429.86
■13 20799 212*6 245.37 162.42
•13 139.66 140.33 160.74 230.66
13:0 270.99 275.98 236.19 219*6
114 296.55 33764 339.00 293.97
14* 5062.19 5503.36 5463.78 5102.99
1 la .w 202*6 193.44 165.00 236.92
*15 661.12 742.02 611.15 616.54
•15 767.06 655*6 961.07 773.99
15:0 801.94 939.02 767.91 661.53
I2a.w 152.64 136.59 151.10 200.06
*18 361.81 455.41 399.46 335.10
16:1*9 2715*4 198.38 1911.95 1686.96
16:1*7 0.00 3611.92 231.93 0.00
16:1*5 266*0 322.33 274.71 237.71
16:0 17813.85 10456.66 7944.06 6031.04
13 a .* 163.96 164.63 156.66 186.79
brl7 89.61 140.35 142.01 100.33
*17 186*7 212.35 200*1 181.91
•17 174.05 191.46 19627 0.00
17:1 a 127.94 169.10 120.87 360*6
17:1 b 199.87 228.01 148.91 220.97
17:0 364.60 416.85 388.04 319.97
14 a.* 153.91 15280 156.97 206.96
18:1*9 695.99 903.67 570.65 960.30
18:1*7 660.85 830.76 535.71 453.18
16:0 456746 2318.57 924.11 750*6
15 a .* 194.65 226.43 218.38 326.99
19* 250.39 331.67 226.94 207*0
16 a .* 467 02 678.93 465.41 409*6
20.0 330.65 370 33 274.71 264.85
17 a .* 224.39 214.48 159.67 328.33
21* 1036.53 1361.32 983.75 1002*4
18 a .* 466.45 499.11 504.67 643.44
22:0 56*7 66.64 54.37 106.85
19a.* 120.71 140.43 126.88 202.15
20 a .* t46.S0 164.55 153.52 191.44
21 a .* 94.39 104.75 102.74 109.06
22 a ,* 205.77 230.14 230 36 190.01
24:0 69.25 139.54 78.87 273.51
23 a.* 125.67 75*6 137 57 190*8
24 a.* 222.92 246.92 218.65 452.46
25 a.* 156.62 186.82 189.60 221*1
26 a.* 201.48 268.12 258.14 279.93
27 a.* 114.79 149.94 157.51 278.50
28 a.* 260.04 422.41 33648 450 35
Tot* 42696.26 36097 37 29683.59 2788*09
32-34 63-65 83-65 96-1X 146*150 190*192
41.73 16.47 O X O X 13.72 O X
16*7 O.X O X 0.00 O X O X
6*70 26.01 ox 0.00 26.94 15.45
62*7 3*61 27.65 X.51 27.76 1*91
832*3 30596 223.67 253.33 276.74 147.37
156.17 77.94 6*07 67.11 66.15 X .70
124.75 66.33 79*0 6 5 X 64.X 40.89
159.50 8956 7 S X 88.01 93.61 6*52
237.74 136.66 166.66 1X.46 143.52 115.75
3163*7 1441.X 1214.64 124*64 1096.01 765.57
144.56 93.11 128.71 133.63 5*16 90*1
53*33 297.16 271.44 256.06 21*66 1S9X
641.96 361*3 386.72 350.69 289.42 204.13
464.68 28*86 286.89 264.04 226*7 16*18
107*7 90.64 66.87 1 10X S 4 X X X
251.50 17*03 170.82 159.39 113.X M.65
786.56 272*3 74.10 390.46 273*9 141.47
147.67 7*73 56.62 7 3 X 43*9 29.97
144.20 87.84 77.68 O X X .16 26.52
5490.X 3334*1 2767 61 4856.75 259183 2346.65
133.48 93.02 1X.S6 103.11 54.62 13.79
65*1 47.06 39 32 35.46 35.90 23.67
119.03 55.35 50*1 8*64 46.X 27.11
161.11 85.63 7 5 X 121.88 44.13 X .17
57 45 184.21 170.50 0.00 1Q3.X M.10
44.69 59.18 56.02 53.53 31.04 15.32
234.99 18643 154.63 159.28 84.X 65.47
118.42 93.50 123.77 96.14 X * 7 39.82
205.02 156.09 384.40 437.X 206.75 93.56
26161 133.57 116.86 15*68 93*7 66.31
625*4 63*90 507.27 105*74 413.X X1.S1
146.93 96.X 140.69 137.13 74.47 5799
145.67 156.16 131.43 134.61 57.66 46.73
333.02 191.76 233.16 20*03 134.81 27.55
124.13 143*7 141.66 169.75 70.26 $1.16
127 52 104 50 140.77 139.20 103.42 17.67
1016.80 863.94 1146.80 740.15 752.X 664.25
47*72 87 40 146.87 134.13 231.54 116.23
26.16 2 5 X O X X .97 10.92 8 X
93.17 68.63 86.04 78*7 72*7 x.x
119.09 76.84 9 5 X X .94 77.X 3153
85.33 61.41 O.X O.X 67.02 26.X
178 47 108*5 77.35 71.40 11*72 7 8 X
113.63 86.01 144.85 117.32 O.X O X
37*1 2*56 1 X .X 84*7 M X 37.68
186.97 125.79 256 05 266.99 126*4 49 93
154.32 116.40 1X.91 105.X 1X.11 47.77
190.34 120.07 168.15 119.79 106.89 51.07
117.94 85.71 107.14 88.52 79.69 40.X
27*33 169.X 273.46 171.59 144.X 73.47
18272.71 10558.44 10009.44 12629.74 6426.91 5978.43
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("g a' ) o*
S«tU 3
m&nmni horizon (cm 0 - 0.9 0.5*1 10-12 20-22 45-47 89-87 190-152 190-192 220-222 290*292
120 3446.83 8210.10 1665X 104924 1015.78 417.90 320.41 166.29 143.16 133.44
•13 22788 410.60 18828 137X 167.43 78.63 57.94 42.14 31.35 32.75
*13 148.19 299.96 140.X 124.71 121.62 61X 54.19 41.94 29.43 33.X
121 0.00 O.X O X O X O X O X O X 0.00 O X O.X
13:0 797 ?n 535 39 226.97 1X 07 196.71 94.39 6864 X .4 7 49.53 81X
i14 410.80 840.92 280.64 2 97X 253.X 127.97 129.32 110.83 7024 8624
U :1wO 28262 447.88 123.61 129.38 X X O X 10.00 4.74 O X 0.X
14:1w7 0.00 O.X O X O X O X 0.00 o x O X O X a x
14:0 12880.96 20747.X 6024.61 S640.X 4804.16 2340.90 1686.66 1333.25 637.07 1132.10
11«.w 0.00 0 .X O X O X O.X O X O X O X O X O X
IIS 1319.61 2077.94 611.56 829.67 829.X 332.11 304.38 255.43 133.M 2X 43
•19 1221.08 18X 20 821X 844.X 79821 374.70 3X.63 294.26 1X X 23427
19:1 13273 20721 72.79 72.74 69.36 109.64 30.96 23.70 O X 11.43
13:0 1484.94 2279.83 889.X 10X 22 9 2 9 X 392 64 416.96 316.88 174.62 285.96
12a.w 0.00 0 .X O X O X 0.00 O X 0.00 0.00 O X O X
i16 743.62 107242 479.63 SX.87 462.83 39.71 201.76 194.44 74.78 137.10
16:1w9 7919.95 11539.39 2965X 370727 1792.93 706.73 550.92 402.91 116.78 268.72
16:1w7 0.00 O.X O X O X O.X O X O X 0.00 O.X O.X
16:1w3 0.00 12X.53 O.X 306.57 O.X O X 96.51 92.12 O X O.X
16:0 2662020 40354.13 14715.80 2X 15.X 169M.X 6664 66 7032.14 6226.16 2712.76 4569.02
136.W 0.00 0 .X O.X O X O X O X O.X O X O X O X
10M*17br 287.08 284.19 96.01 70.83 O X O X 36.73 36.58 O X 34.46
i17 37329 663.13 261.63 263.74 302.X 112.14 122.34 116.61 36.13 1 X X
*17 343.06 619.96 264.66 276.79 3 X 6 7 104.64 128.87 120.33 44.31 92.02
17:1* 480.78 884.34 374.06 30629 230.73 115.89 22.32 X .36 28.68 27.87
17:1b 000 O.X O X O X O X O X O.X 0.00 O.X O.X
17:0 809.62 1379.96 672.77 714.10 M I X 265.86 327.41 319.69 123.X 250.62
14«.W 0.00 O.X O X 0.00 O X O X O X 0 0 0 O.X O.X
0.79 0.00 O.X O X O X O X 0.00 O.X o x o.x O X
18:3 w 3 M 1387.14 163220 3 1 6 X 227.45 114.27 79.14 72.34 64.27 18.86 17.62
16:2w3 4w 6 826.89 1156.44 446.69 522.43 6 4 0 X 143.12 597 69 263.01 43.79 186.59
18:1w11 0.00 O.X O X 0.00 O X O X O.X O X O.X O.X
18:1w9c 191329 2217.51 899.31 1279.94 1002.X 393.19 432.61 354 39 124.78 239.30
18:1«Ww7 2326.95 6066.54 1X 162 1537.29 1032.74 299.53 288.12 317.X 84.75 174.18
I8:1w9 0.00 O.X O X O X O X 0.00 O.X O X O.X O.X
16:0 474224 6834.37 X12.04 8221.X 4659.72 1S 60X 3965.86 3903.77 929.77 296585
1te.w 0.00 O.X O X 0.00 O X 6156 72.10 0.00 51.37 75.69
19:0 1469.32 243275 125422 2147.01 152720 757.97 1417.36 1299.12 253.X 1026.33
16«.w 0.00 O.X 31.16 O X O X O X O.X O X O.X O X
20:5w6 671.16 66728 376.65 594.14 491.51 237.17 245.31 259.54 118X 17213
20:4w6 1048.90 1261.X 221.65 26636 177.11 290.91 47.26 3964 125.65 21.57
20:5*3 000 O.X O X O X O X O X O.X O X O.X O.X
20:3 0.00 O.X O.X O X O X O X O.X 0.00 O.X O X
20:2 0.00 205.63 110.75 0.00 O X O X O X 0.00 O.X O.X
20:1*9 39.90 148.34 101.72 0.00 136.64 0.00 65.88 o x 0.X 59.79
20:1*7 0.00 1X.69 O X ox O X o x 0 .X o x O.X O X
20:1w9 O.X O.X O X 0.00 O X 0.00 0 .X o x o.x O X
20:0 1996.X 4010.31 1796.97 2614.01 256S.X 7 X .X 2418.51 206853 348.93 1606 86
17*,* 138.04 185.10 O X 000 129.39 73.31 96.14 O X 63.X 83.63
21:0 38X.10 3404.26 2630X 29X 25 2272.73 28X.11 921.X 695.X 1532.04 94223
16*.* O.X 31.X O X 0.00 O X 0.00 O.X O X O.X O X
22:6*6 0.x o.x O X ox O X 0.00 O.X 0.00 O.X O X
22:6*3 0.X 2405.42 272.10 1X 797 998.71 3 9 2 X 436.14 311 37 19123 285.36
220 396.96 116427 518.17 564 81 67422 117.40 X7.80 669.43 59.69 41825
19*.* 148.74 214.24 129.45 153.51 152.05 83.27 104.08 X .94 41.87 89.32
23:0 0.X 127.44 6 5 X O X 136.00 70 .X 76.X S I X 35.64 5526
20*,* 204.19 279.04 1X.49 211.X 206.90 113.02 131.04 1X.11 X X 93.67
24:1w9 O X o.x O X O X O X O X O.X O X O.X O.X
24:0 284.72 1126.42 476.49 470.X 993.62 6426 448.10 434.30 53.86 257.41
21*,* 12288 17021 112.X 139.90 144.39 O X 99 38 81.64 o.x 61.89
29:0 O.X O X O X O X O X O X O.X O X o.x O.X
22*.* 2 X 7 9 333 87 193.X 259.59 257.70 148.54 161.X 135.00 81.12 1X.41
29:0 149.77 231.18 104.31 1X 19 289.X 1 X X 204 58 202.90 68.37 11249
23*,* 141.62 178.47 131.48 1X 29 14829 91.59 1X.49 IX .52 O.X 7 9 X
27:0 O.X O.X O X O X O X 0.00 O.X O X o.x O.X
24*.* 179.98 239.50 167.93 167X 192.14 0.00 140.X 1 1 6 X o.x 97.12
28:0 97.48 O.X O X O X 136.46 0.00 O.X O X o.x 6 1 X
25*.* 183.69 O.X 161.X 170.49 164.77 0.00 99.76 1X .92 o.x 65.56
29:0 0 .X o.x X X O X O X O X O.X O X o.x O X
26*,* O X o.x X .92 O X 14927 o x 100.94 O.X o.x 66 59
30:0 156.36 o.x 141.67 O X O X o x O.X o x o.x O X
27*,* O X o.x O X ox O X o x O.X o x o.x O.X
28*.* O.X o.x O X ox O X o x O.X 0.00 o.x o.x
31:0 0 .X 0 .X O X ox O X 0.00 O.X o x 0.X O.X
Tottl (no/a) 74943.38 129228.X 40648.56 53994.63 4353221 16828.62 20873.17 17988 87 6930 97 13603.33
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A w n d b itg . Bound th—  tudroM j b—f ‘ ("a o '')c l i* a iw «  grab — ra—t  120001 and ccraa 11080): ranhctn and aranra.
SMb POO
Mdbmnt honzon fan) o n D a iC a n lA M 0*2 20-22 40-42 46*50 58-80 78-60 126-130 170*172 190*192
C140H 574JO 674.4! 572.94 761.96 307.12 516.43 374.64 504.01 434.61 22929 310.93
C150H 139.17 130J2 15SJI 190.70 9193 1X 46 9929 91.79 131.62 7201 65.73
CI60H 436J2 432.11 511.82 610.96 31158 34277 221.42 43086 450.49 281.50 29776
C170H 49.63 46.12 44.42 94J6 29.79 31.14 1191 2923 27.92 17.74 21.44
C180H 326.80 336.49 380.18 423.71 246.98 24460 15149 24924 3 X .X 19216 IX . 92
Ptiytol 3835.14 3973.18 3929.12 3476.53 2920.63 150223 690.04 603.63 890.96 470.79 597.56
C190H 1029.00 1357.76 1179.47 1116.61 779.63 76247 73275 620.71 916.92 559.01 SX.71
C20OH 574.01 64722 835J9 709.29 546.03 428.71 317.90 528.02 61920 398.36 393.12
C210H 159.45 163.46 222.72 199.67 152.38 1X 30 X 71 124.17 1X.34 9597 110.28
unk Alcohol 180J5 232.10 166.90 172.42 100.94 131.60 130.05 128.42 166.45 266X 269.43
C220H 1170.12 1343.00 1897.47 1364.X 140029 800.36 769.41 11X 22 1434.81 846.79 913.07
C230H I8SJ3 207JO 289.94 186.00 220.16 114.37 1X 83 143.44 194.68 121.91 137.12
C240H 917.47 1072.10 1524.01 867 64 126195 534.14 630.47 644.X 1101.21 677.16 747.18
C250H 91.26 1I2J3 153.73 65.64 117.83 50.76 51.76 7122 96 63 5562 66.61
C260H 84.81 98.79 108.69 122.67 67 02 134.96 54.12 X .17 7518 49.76 55.62
C270H 46.78 40.44 11.68 55.60 14.17 29.46 NQ 2 3 X 30.15 11.16 14.92
C280H 116.13 142.07 134.78 176.23 78J6 9327 37.70 S I X X .46 57.47 79.33
C290H 41 JO 57.18 78.22 99.01 64.01 3907 4 1 X 44.79 o x 1421 21.X
C30OH 66J1 37 J l 26.26 19.61 29.96 11.39 OX 21.33 ao o O X 17.76
Sa choicstane 335.78 423.12 330.10 441.34 208.55 37323 248.56 328.94 415.79 213.57 215.X
unknown 1 0.00 0.00 0.00 C X 0.00 O X OX O X O X Q X OX
24*norchlo(atn*5.22*<ta»*J0*oi 281.46 351.41 500.65 299.70 39940 121.X 1X91 296.56 369.62 IX . 33 213.16
24-aor-$A<hotcstt*22-cn-30<ol 249J 3 270.27 226.18 279.82 143.91 107.07 04.78 120.16 163.44 94.96 134.94
S0-chofcstan-30-ol 54J4 17.78 28.06 4220 1624 2321 24.X 34.42 55.20 2 6 X 3252
5P-ChO*OAfn-3a-ol 27.83 30.43 25.73 35.67 14.34 1626 NQ 20.U 16.36 9.03 13.54
27-oor-24-meihylchokstt-522-di«n»3b<l 0.00 0.00 0.00 O X 0.00 O X OX O.X O X O X O X
cholettA-5.22-<iie»-36-ol 239.70 279.78 223.09 232.93 120.89 141.33 X X 87.91 102X 73.07 97 03
5cUH)-cbotest--22*cn*3&-o( 72.17 84.58 69J5 89.29 36.52 49.43 o x 7.17 37 59 2282 32 X
cholest-5-«n-30-ol 620.22 750.75 620.12 739.52 388.52 411.73 194.X 275.09 327.X 204.36 283.99
5a-choksun-3(3-ol 462.70 567.28 591.82 497.42 247 42 293.77 176.72 271.X 3 X 2 9 209.32 266.X
chol«ta-7,22-<iicn-3&-ol 0.00 0.00 0.00 O X 0.00 0.X OX O.X o x O X O X
24*raeihytebol«t*-5,22*<iien-3(J-ol 350J8 434.14 284.17 354.18 207.06 204.62 101.82 16278 20724 13265 16139
4a*methyfcbole*tt-S<l4),22*di«n-3(J-ol 0.00 0.00 0.00 0.00 0.00 3946 OX C X O X O X O X
24-methykhok*t-22-en-3&-oi 22.64 27.70 9.12 0.00 1111 O.X 596 O.X O X 5.11 7.X
cholca-7-cn-30*ol 0.00 0.00 0.00 0.00 0.00 0.X O X o .x O X 0.00 O.X
4a»fncthylcholat*8( 14)*cn*3fl-ol 77.49 75.87 49.05 46.99 56.40 o x 29.X 34.65 S I X 29.52 54.47
4a-mcthyicholestan*3(l-oJ 0.00 0.00 0.00 0.00 0.00 o x O X O X 0.00 O X O.X
24-methyichok*tt-5J4(28)-di€n-3(J-ol 360.19 403.35 372J1 407.62 250.58 224.36 109.46 127.44 188-30 91.X 132.10
24-fnethylcholoi*S*cn»36-ol 351.63 378.83 337.02 387.27 225.42 211.37 124.91 2X.79 165.43 139.84 1X.43
24*mcthy1-5j<H)-cholcsUD~3&-oJ 124.10 153.65 154.91 179.53 105.32 95.03 5759 94.86 67 91 64.74 X.11
23J4-dimetttylcholcsu*5.22*dien-36*oi 121.57 145.12 110.77 109.96 63.74 53.11 2555 39.36 O X 24.18 35.42
24-cihytcbolett**5,22-dien-36-ol 301.78 362.03 340.62 409.66 217.43 229.94 126.16 216.41 20221 144.91 1X.48
4a. 24-dimethyichole*t-22-en*3B*«l 145.70 I53JO 157.03 48.56 110.79 2269 31.67 X X O X 6591 89.27
23J4*dimetJry1-5o|HVchole*i*22-«n-30-ol 0.00 0.00 0.00 0.00 0.00 O.X 1513 O.X O.X O X O.X
24-eth ytcho leu-22-en-3a-ol 37J0 53.68 38 J l 173.31 36.52 1X.88 31.07 1X 24 111.97 O X 19.10
24-ethy1-5a|H>-chol«l-22-e7»-3{3-ol 0.00 0.00 0.00 0.00 0.00 O X O.X O X O X o x O.X
4*metfayl*C29-A22-itanol 0.00 0.00 0.00 O X 0.00 O.X OX o .x o x o x O X
24*mcthylcholctc*7*«n*3a*ol 0.00 0.00 0.00 O X 0.00 o x o x o .x o x o x O.X
23t24-dtmcthylch0lest*S*ci»*36'Ol 32.62 39.86 32.04 55.01 46.84 3101 16.13 41.24 0.00 14.36 24.X
24-ethyichole*t-5-cn-3 6*ol 893. l i (056.60 1148.23 1466.42 1085.01 899.94 59106 1065X 96321 689X 078.X
24-eChytehoWnw3a-o< 533 26 646.78 674.78 691.53 503.11 407.X 277 39 447.37 413.68 304.73 395.56
24-«thytchoiaU-5J4(2SMica03<oi 0.00 0.00 0.00 O X 0.00 O X OX o .x O X O X O X
4aJ3j4-mmethylchale*l-22-«n*3fl-al 291.23 345.46 396.79 376.40 280.35 198.43 11213 174X 16236 93.85 14Q.X
unknown 6 0.00 0.00 0.00 0.00 0.00 O X O.X 0.00 O X O X O.X
5a<H>-C29 tienol (possibly A7or AS) 0.00 0.00 0.00 0.00 0.00 o x O X O.X O X O X O X
4sJ3.24tninethytchoicst* 17(20>-en-30-ol 0.00 0.00 0.00 0.00 0.00 o x O X O X O X O.X O.X
4 aJ3  J4-tnmethyfchol*»-8< 14)en-3P-ol 0.00 0.00 0.00 000 0.00 o x O X o x O X 0.00 0.00
4ou23S^4R-mmc(hytcholestAn-3&>ol 74J8 90.69 63.97 69.66 75.10 44.52 1532 49.X O X 1 2 X 31.X
4aJ3RJ4R-tnmcthylchoiestjn-30-ol 147.29 176.69 177.86 145.46 128.87 75.67 50.34 X.01 O X 33.30 57.55
hop«-3&*ol 0.00 0.00 O.X 31.83 0.00 51.72 OX 81.79 70.56 O X O.X
extended hopanol 130.94 151.69 19643 181X 90.69 9129 X X 67.30 76.76 49.96 67.X
Tool Alcohols 8421.00 9072.13 10471.04 8638.52 7255.81 4601.45 3330.10 4665.38 5671.12 3624.63 4025.X
Tottl StcroU 6003.42 7047.72 6748.19 7336.90 4646.68 41X.48 2493.13 4175.77 411526 2720.62 366626
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4ppnnda M2, eld. Bound (b—  Ndro*»u U >) ta d  ocncentr—ona (no g 1) of serlimanf orsP eamptea (2000) and o n m  (1909): alcohols and
9 m  v t
m dkm rt h u u w  (an) arafia A *C arabsO *E 0-2 12*14 32*34 63-65 63*65 96-1X 146-150 190-192
C140H 67007 636.90 962.70 697.X 549.49 430.X 659.00 437.56 26247 21179
C150H 117.34 106J6 100.16 180J6 8447 61.16 120.69 8626 6182 4443
C160H 410.12 410.96 347.43 537.42 301.94 3432# 343.X 319.76 228.47 15124
C170H 97.63 44.67 6S29 3347 26-61 3129 36.13 2111 1 1 X
CISOH 329.36 329.11 X7.42 4X.43 X141 206.31 30033 269.91 18841 1X.11
Pftytoi 4666.12 4692.35 9317.82 S640X 457641 3296.63 3454.01 3722.16 2294.17 1362.86
C190H 1226.69 1909.29 1151.X 1049.47 9X.64 1062.67 1269.33 802.69 707 89 69944
C20OH 575.20 648.X 606.47 666.67 S29.X 437.32 541.77 463.64 320.93 20020
C2IOH 116.49 11042 117.11 117.32 X.73 87 51 10640 M X 73.07 X.49
unk alcohol 183.20 23706 160.X 2X.70 179.87 151.43 266.89 176.66 324.14 266.X
C220H 609.76 829.79 831.86 793.64 702.01 675.32 745.75 735.79 548.47 387.M
C230H 140.90 136.96 134.27 134.24 118.X 121.78 115.04 12621 8164 52.99
C240H 966.33 544.23 583.X 497 36 527.76 333.98 551.52 628.19 441X 2M.91
C250H 99.90 59.46 32.46 57 76 53.X X.94 56.45 63.98 40.36 24.89
C260H 121.64 139.45 144.X 85.79 132.91 97.03 126.57 101.53 8196 49.19
C270H nq nq nq 119.14 nq nq 123.61 M.71 nq nq
C280H 130.06 146.94 1X.S6 203.73 11741 96.18 204.28 167.74 65.77 75.89
C290H 60.64 44.82 59.18 O.X 62.49 45.23 O.X O.X 17.96 X X
C300H 96.40 3041 41.71 0.X 79.X 18.61 O X O X 28.X 50.04
3 s  chotoune 334.29 436.X 317.23 602.29 327.86 278.X 668.96 444.65 243.X 220.X
unknown I 0.00 O.X O.X O.X O X O.X O.X O.X O X O.X
24-noidik)kst»-5j2«dien-36-ol 169.19 145.X IX .40 15SX 146.70 143.94 1X 27 217.01 112.48 67 61
24-aor*3a-cholcsta*22*«n-3(}-ol 409.07 470.X 412.99 X I X 456.65 411.X 670.61 593.18 418.X 299.70
j M o i « t i n - 3 N 30.33 X X X.57 0.X 41X 19.X O X 42.90 26.56 7.49
3 p -c h o H « ta n -3 a -o l 34 JO X.16 X X O X X.61 2155 O.X O X 8.57 14.X
27-nof-24-methykhoksta*5.22-<l»en-3b-ol 69.69 92.67 X X OX 96.72 79X O X O.X 6 7 X X X
chotests*3.22*dien*36-ol 401.07 496.82 410.80 628.X 394.13 353.61 49547 423.83 360.52 272.45
5a(H)<hofcst-22*«n~3{}-ol 100.06 120.02 110.11 133.42 92.63 82.80 1X .X 64.42 66.22 X X
chokst-5-en-3&-ol 646.93 960.X 8X.10 1275.31 89149 70761 1055.43 928.30 7X.37 570.44
Sa-cholcstan-38-ol 466.42 916.51 405.X 461.X 435.18 363.60 446.17 417 09 32487 272.05
choksta-7,22-dien*38-ol 0.00 O.X O.X O X O X O X O.X O X 0.00 O X
24*mcthytcho(esu-S.22-<1icn*3&-ol 627.90 729.90 644.01 782.X 61446 619.X 671.X 732.14 629.45 SX.14
4a-mdtiylcbolesta-8< l4).22-dia»-3D-ol 0.00 O.X O.X OX O X O X O X O X O X O X
24-mcthyicholcst*22-en-3f3*oi 96.92 64.29 67 82 o x X.57 142.35 O X O X 47 23 41.79
cholest*7-cn-30-ol 0.00 O.X 0.X o x OX OX O X O X 0.00 O.X
4a*<nethytchotest4( 14VcnOf3-ol 96.34 97.51 129.27 53.71 1X.52 157.17 111.11 129.85 75.51 69.1)
4a*mctliylchoksun*30-ol 0.00 O.X O.X OX O X O.X O X O.X O X O X
24*mcthytcholcsts-$.24(28)*dien-36-ol 496.97 55762 513.87 1X1.19 523.14 419X 644 82 X I .18 362.19 278.X
24-metbyicholest*5-€n-3D-ol 347.66 366.17 366.61 OX 366.X 240 28 275.X 263.M 226.67 189.41
24-<ncd)y1-5a<H>-cholesUft-30-ol 114.90 120.78 1X 29 OX 127.75 84.X 94.74 61.82 70.X 90.62
Z3,24-<iimethyicholesta-5.22-<iien*30*<)l 206.49 224.04 2 X X 276.19 200.80 100.55 163.93 162.M 110.70 91.76
24-ethylcholesta-5.22-dien-3(l-ol 396.26 451.X 426.71 352.71 4 X X 347.21 523.X 414.64 318.23 207.79
4a, 24*4imcthyicholest'22-<n*36-ol 204.86 213.X 2X.81 OX 2X 64 191.78 O X 38.46 142.84 126.02
23,24*<iimethyl*5a(H)-cho lea-22-a»*38-ol 0.00 O.X O.X OX O X 0.00 O.X O.X O X O.X
24-ethyicho!es(-22-a>-3a<oI 79.11 86.66 77.66 308X X.73 X X 296.50 209.M 23.14 X 7 5
24-ethyl-5a(H>cholest'22-en-3D-ol 0.00 O.X O.X O X O.X o x O.X O X O X O X
4-methyi*C29-A22*«anol 0.00 O.X O.X O X OX o x O X O X 0.00 O.X
24-methyicholea-7-<ii-3a-ol 0.00 O.X O.X 0.00 OX o.x O.X O X 0.00 O X
23,24-dimethylchotest-5-en-3&-ol 92.26 103.07 102.93 164.82 113.02 77.13 13221 O.X 57 59 43.X
24*<tiiylchotest-5-«n-31*ol 902.40 1Q31.X 971.X 1241.44 944.75 774.86 1206 28 1062.70 781.X 787 24
24-emyfchotostarv36-ol 467 77 470.X 442.X 602.85 443.90 407.91 463.X 452.40 313.13 253.X
24^thyicholcstt-5.24<28>*<iien-3&-ol 82.41 110.40 83.76 O X 1X .X 73.X 107 69 125.27 163.68 170.76
4a43.24-tnmcthyicholcst*22*«n-3()-oi 420.96 453.X 4X.70 979.79 272.11 349.70 533.44 394 57 240.30 22547
unknown 6 0.00 0.X O.X O X O X O X O X O.X O.X O.X
5a|H)-C29 itcnoi (possibly A7or  AS) 0.00 0.X 0.X O.X O.X O X O X O X O X O X
4a43 ,24mmethytchok*- 17(20Ko-3&*ol 0.00 o x 0.X O X O X O X o x O X O X O X
4a43»24-trimcthy1choia-8( 14*n-30-ol 0.00 0.X O.X OX O X OX o x o .x O X O.X
4cu23SJ4R-thmethy(cholcsun-30-ol 117 91 102.66 113.X 86.04 96.64 64.04 99.30 71.92 51.90 57.90
4a43R44R-tnmcthyichotcstan-30-ol 217.70 199.90 215.52 281.10 193.06 180.12 237 37 197 63 126.X 11646
hopin-30-ol 0.00 O.X 0.X 142.82 OX OX 233 03 127.44 O.X O X
extended hopanol 109.30 129.42 110.74 1M.53 93.X 70.19 144.28 85.96 66.X 51.46
Total Alcohols 8420-22 8691.80 0X7.14 991141 7648.78 6151.49 7096.45 7093.39 4785 83 3167 47
Total Stools 7004.97 6389.23 78X .X 9787 94 7365.46 8006.59 92X.94 7786.47 5901.52 X 1768
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andmnnt hortan fcml 0 -0 .5 0.5-1 10-12 20-22 45-47 85-67 150-152 190-192 220-222 250-252
C I40H 2409.10 1111.X 175623 1836.52 102S.X 1669X 767.93 44327 840.70 61620
brtS 0.00 0.X 0.X O.X 107.43 a x 52.80 0.X O X 6629
brlS 0.00 0.X 0.X O X 8124 a x 50.10 0.X O X 3927
Cl 5 OH 17826 10720 15323 127.79 92.46 101.54 47.61 110. x 6 4 X 4750
br!6 0.00 a x 0.X O X O X 0.X 0.X o .x O X O.X
16:1 0.00 0.X O X O X O X o .x 0.X o .x O X a x
C160H 0.00 0.X 0.X O X o x o .x 0.X o .x 0 X o x
brl7 0.00 o .x 0.X O X o x 0. x 67.33 0.X o x o x
C170H 720.36 149.47 460.74 423.66 37.32 150.77 67.20 X.41 17326 43.90
CIS OH 1387.22 29127 640.45 752.61 302.84 662.56 220.12 149.86 X X 264.16
Phytol 15727 70 373541 1332026 9656.60 6442.67 9446.42 22X56 447.X 3280.52 2995.86
C190H 5474.00 164573 402828 4336.89 1742.X 4918.73 145120 3X 22 2220.35 190168
C200H 783.89 239.10 75S.X 666.55 369.36 753.13 246.83 57.23 428.X 329.09
C21 OH 194.37 136.07 209.52 1 X .X 104.X 220.15 91.55 49.X X X 6623
C220H 1129.94 1418.86 957.X 1461.97 803.78 1374.19 711.48 695.X 710.67 579.X
C240H 671.78 103.19 550.54 4 1 0 X 22720 977.17 196.41 0.X 466.86 400.03
C260H 0.00 0.X 0.X O X O.X O.X 0.X O.X O X a x
C280H 468.60 186.28 440.X 296.13 239.50 291.X 128.X 12724 17227 7 9 X
andraatanol 0.00 0.X O X O X O.X O.X O.X O.X OX o x
Sacholcttane 4601.94 3404.26 31X .X 29X 25 1136.36 146520 921.X 1391X 776.70 76628
unknown 0.00 0.X O X O X O.X O.X 0.X O.X O X o x
24-norchJokstt-5.22-dien-3b-ol 1524.57 484.63 1497.03 1070.66 910.46 1331.X 091.93 694X 914.22 774.96
24-nor-5s-<hotata»22-cn-3b-ol 226.61 1X.66 272.55 193.76 171.34 14923 120.26 102.38 116.43 100.13
Jb<holeacan-3b-ol 0.00 O.X O X O X O.X O.X 0.X O.X O X O X
Sb-chokstan-3a-ol O.X 0. x O X O X O.X a x OX O.X O X o .x
cholesta-522-<iien-3b-ol 1332.75 4O0X 1296.63 876.75 759.87 1X1.16 S X X 469.67 653.92 595.15
Sa4HVcbolat-22-«n-3b-ol 261.63 116.37 256X 146.78 118.X 159.07 75X 7191 14220 X.86
cholcd*S4i)«}lMl 2395.72 830.72 2277.77 101127 1356.89 1701.61 061.35 856.03 11X28 963.X
Sa-chokstanOb-ol 792.49 324.01 815.43 512.46 382.49 529.65 277.78 27425 409.97 357.92
24-<netliy1chola*a-J,22-d»«n-3b-ol 2101.23 7X .X 1932.62 1352.78 1305.42 1707.77 066.05 758.74 1047.41 883.13
24-metbylcho test-22 •enOb-ol 435.81 172.63 40926 274.51 221.97 270.X 117.64 117.95 160.22 132.03
chotest-7-enJb-ol O.X 0.X O X O X O.X 0.X OX O.X O X O X
24*icthy1cholcsta-S24<28H)l 1805.14 428.96 1486.53 11S5.X 1019.20 1297.43 774.32 344.91 671.18 822-87
24-methyichokst-S-en-3b-ol 723.25 139.04 596.25 563.90 271.51 451.53 217.79 1X.99 272.92 39723
24-mcthyl-3a< H>cho testify 3b-ol 346.45 99.13 310.16 240.84 193.36 270.59 107.77 72.34 147.79 5826
23>24-dimethy{chokst»-S^2'dicn*3b-ol 0.X O.X O X O X O.X 0.X OX O.X O X O X
24-«thylcholeita-5.22-<iien-3b-ol 234.59 O.X O X O X 0.X 0.X OX O.X 197.78 O X
2324-dimethyi-5n H)-cho test-22-en-3b-ol 861.21 722.78 1010.95 835.11 613.X 777.28 31906 458.78 O X 355.41
24-ethyi-S«(H><hotest-22-<n-3b-ol 304.X 114.82 291.26 221.93 21026 301.64 113.61 59.21 201.» 156.82
4-mcthyf-C29-D22-stanol O.X O.X O X O X O.X O.X OX O.X O X O X
24-fnethychoIctf-7-«nOb-oJ O.X O.X O X O X o .x O.X OX O.X o .x O X
unknowns O.X Q.X o x O X o .x O.X o x 0.X 241.67 o x
24-ethyicholesl-5-en-3b-ol 2X1.20 1916.12 1899.X 2363.37 1279.43 1767.07 894.23 1685.08 1090.54 969.77
24-<thyl-5atHy<hotest-3b>ol 962.45 O.X 944.13 4 X 2 3 531.61 991.90 421.48 1X.76 43726 457.32
24-ethylcholeitt-524<28Vdien.3b-ol O.X 631.X O X 503.X O.X O.X OX 477 56 148.66 O.X
4a2324-tnfncthy(chotest-S.22'dien-3b-ol O.X O.X O X O X O.X O.X OX O.X o .x O.X
4a2324-tnmcthytehotest-22-cn-3lH>l 1047.53 364.75 837.95 576.51 528.42 775.31 267.16 1X.12 51745 373.60
24-«thyicholesun-7-en-3tH}l O.X O.X O X O X O.X O.X OX O.X o .x O.X
5a<H)-C29 ttcnol (powbly 07or D8> 0.X 0.X O X 0.00 O.X O.X OX O.X o .x O X
4*23.24-{nmethyi-5a<H><hotesttft-3b-ol O.X O.X 279.16 177.91 191.14 300.61 80.79 257 93 2X21 205 53
unknown 7 O.X O X O X O X O.X O X OX O.X o x O X
hopan-3b-ol O.X O.X Q X O X O.X O.X OX O.X O X O X
unknowns O.X O.X O X O X 0.X o .x o x O X O X o x
extended hopanol o .x O.X O X 160.37 0.X o x o x 42.44 O X o x
Total Alcohols 21264.12 6370.66 17487.60 14131.36 8806 55 13996.99 4079.93 1X7.19 5444.X 4934.69
Total S ten  Is 17436.87 7563.19 1641749 13443.99 10064.X 1381454 6757.10 7193.54 87X 72 7S16X
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Appendix N. Total (solvent extractable + base hydrolyzable) lipid and 
PAH concentrations (mg mg'1 TOC) in York River cores (1999).
POD
Depth Fatty Acids Sterols Alcohols PAHs
0 11.5 3.1 1.4 23.8
1 5.4 1.7 0.7 34.3
11 4.3 0.5 0.3 25.0
21 1.9 0.6 0.5 36.3
41 1.7 0.4 0.2 30.0
49 1.6 0.5 0.3 10.3
59 1.5 0.4 0.2 8.3
79 1.2 0.4 0.2 8.0
129 1.1 0.4 0.2 7.3
191 1.2 0.3 0.2 8.8
LY
Depth Fatty Acids Sterols Alcohols PAHs
0 16.9 4.2 1.8 23.5
1 10.6 3.7 1.8 37.7
13 6.3 3.3 1.4 30.2
33 2.7 1.6 1.0 30.1
64 2.0 1.4 0.9 25.8
84 1.4 1.3 0.9 21.0
99 2.3 1.4 0.9 17.1
149 1.9 1.2 0.9 3.1
191 1.8 1.1 0.6 2.9
M3
Depth Fatty Acids Sterols Alcohols
0 10.5 4.7 1.0
1 12.3 4.6 1.5
11 4.7 2.8 1.6
21 5.1 3.0 1.1
46 3.2 2.2 0.8
86 2.4 1.4 1.0
151 2.3 1.8 0.6
191 2.0 1.2 0.4
221 1.5 1.1 0.6
251 2.1 0.9 0.6
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Appendix O. X-radiographs of Lower York and POD cores, 1999.
Lower York 
Kasten Core 
0-30 cm
Lower York 
Kasten Core 
130-160 cm
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Lower York 
Kasten core 
160-190 cm
Lower York 
Kasten core 
190-210 cm
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POD 
Box core 
0-60 (A) cm
POD
Box core 
0-60 (B) cm
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POD POD
Kasten core Kasten core
0-60 (A) cm 0-60 (B) cm
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POD 
Kasten core 
60-120 (A) cm
POD 
Kasten core 
60-120 (B) cm
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